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Abstract 


I  have  used  Drosophila  melanogaster  to  study  how  systemic  signals  elicit 
temporally  precise  protein-  and  gene-specific  responses  during  development  and  the 
immune  response.  First,  I  examined  the  hormonal  regulation  of  tyrosine  hydroxylase 
(TH),  encoded  by  pale  (pie),  and  its  role  in  the  maturation  of  the  adult  cuticle.  Second,  I 
explored  the  role  of  Dopa  decarboxylase  (DDC),  encoded  by  Ddc ,  in  the  response  to 
septic  injury.  Both  TH  and  DDC  are  required  for  the  production  of  dopamine  (DA). 
Metabolites  of  DA  are  required  for  the  synthesis  of  melanin  and  sclerotin  during  cuticle 
maturation,  and  the  cytotoxic  reactive  quinones  that  are  intermediates  in  the  production  of 
these  compounds  may  play  a  role  in  the  immune  defence  system. 

A  neuropeptide  hormone  cascade  controls  events  surrounding  eclosion  in 
Drosophila.  Together,  ecdysis-triggering  hormone,  eclosion  hormone,  and  crustacean 
cardioactive  peptide  (CCAP)  control  ecdysis,  while  Bursicon  regulates  post-eclosion 
events.  I  examined  how  these  neuropeptides  regulate  the  precise  onset  of  adult  cuticular 
tanning  following  eclosion.  The  pie  transcript  accumulates  prior  to  eclosion,  and  levels 
remain  high  until  well  after  eclosion,  which  suggests  that  transcription  does  not  control 
the  rapid  onset  of  tanning  that  follows  eclosion.  TH  protein  and  activity  levels  drop  prior 
to  eclosion  and  rise  thereafter,  suggesting  that  translational  and  possibly  post-translational 
controls  were  operating.  I  showed  that  CCAP  is  necessary  for  the  accumulation  of  TH 
following  eclosion.  In  addition,  TH  is  transiently  activated  by  phosphorylation  after 
eclosion  as  a  result  of  Bursicon  signalling.  Therefore,  the  precise  onset  of  tanning  is 
regulated  by  CCAP  control  of  TH  translation  and  Bursicon  activation  of  TH 
phosphorylation. 

To  understand  how  a  systemic  infection  can  induce  tissue-specific  expression  of 
immune  response  genes,  I  analyzed  the  induction  of  Ddc  following  septic  injury.  The 
Drosophila  immune  response  is  induced  primarily  by  the  Toll  and  IMD  pathways.  IMD 
signalling  also  activates  the  Jun  kinase  (JNK)  signalling  pathway,  which  elicits  its  effects 
through  the  transcription  factor  AP-1.  I  found  that  Ddc  is  induced  throughout  the 
epidermis,  not  specifically  at  the  site  of  injury,  following  infection.  Ddc  transcripts 
appear  two  hours  after  septic  injury,  and  remain  high  for  nine  hours  following  gram 


negative  infection  and  36  hours  after  gram  positive  infection.  This  induction  requires  a 
conserved  AP-1  binding  site  upstream  of  the  Ddc  transcription  start  site.  However,  the 
Toll,  IMD  and  JNK  signalling  pathways  are  dispensable  for  Ddc  inducibility;  instead,  a 
novel  p38  mitogen-activated  protein  kinase,  p38c,  is  necessary  for  Ddc  immune 
induction.  A  transcription  factor,  activated  by  p38c  signalling,  which  recognizes  the  AP- 
1  binding  site,  remains  to  be  identified.  I  propose  that  Ddc  is  induced  in  the  epidermis  to 
produce  reactive  quinones  that  have  antimicrobial  effects. 
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Chapter  1:  General  Introduction 

Temporal  and  spatial  regulation  of  gene  expression  is  at  the  basis  of  how 
organisms  respond  to  developmental  or  external  cues.  Of  particular  interest  is  the 
widespread  observation  that  systemic  signals  can  be  converted  into  appropriate  cell-, 
protein-,  or  gene-specific  responses.  Hormones  are  a  good  example  of  a  developmental 
cue  that  can  elicit  these  distinct  responses.  In  general,  hormones  are  released  into  the 
blood  stream,  and  this  systemic  release  can  induce  a  variety  of  responses  in  target  cell 
populations.  Often,  an  initial  hormone  signal  is  refined  by  the  release  of  additional 
hormones.  Perhaps  the  best  studied  invertebrate  hormone  is  the  steroid  hormone 
ecdysone.  It  has  known  roles  at  all  stages  of  Drosophila  melanogaster  development,  and 
has  become  a  favourite  model  system  for  steroid  hormone  signalling.  Ecdysone  triggers 
the  activation  of  cell-specific  gene  cascades  that  ultimately  lead  to  the  production  of  a 
small  set  of  downstream  genes.  Simultaneously,  ecdysone  can  cause  the  synthesis  and 
release  of  neuropeptide  hormones  that  further  regulate  gene  activity  in  the  target  cells. 

A  second  example  of  systemic  signalling  that  elicits  cell-  and  gene-specific 
responses  is  immunity.  A  systemic  signal  is  generated  by  components  of  invading 
microorganisms  within  the  blood  stream.  Rapid  cell-  and  gene-specific  responses  are 
elicited  depending  on  the  signalling  pathway  that  is  activated.  The  innate  immune 
response  is  the  first  to  be  triggered  in  mammals  following  infection,  and  the  only  type  of 
immunity  in  many  organisms.  Innate  immunity  has  been  most  thoroughly  studied  in 
Drosophila,  where  it  leads  to  the  differential  induction  of  multiple  signalling  pathways, 
each  of  which  results  in  a  temporally  controlled,  tissue-specific  expression  of  a  subset  of 
immune  response  genes. 

In  this  thesis,  I  chose  to  study  the  regulation  of  two  genes,  each  of  which 
participates  in  a  temporally  precise  process  that  was  set  in  motion  by  a  systemic  signal. 
One  signal  originated  during  normal  development  and  the  other  during  an  innate  immune 
response.  I  use  Drosophila  as  the  model  organism  to  study  these  processes  due  to  the 
advanced  molecular  and  genetic  techniques  that  are  available.  In  the  first  half  of  this 
thesis,  I  analyze  how  neuropeptides  regulate  the  precise  timing  of  post-eclosion 
development.  In  the  second  half  of  my  thesis,  I  investigate  how  microbes  can  induce 
tissue-specific  temporal  expression  of  immune  response  genes.  The  two  areas  of 
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experimentation  are  linked  by  the  central  theme  of  regulation  of  genes  that  are  required 
for  the  epidermal  production  of  dopamine.  The  first  project  involves  the  hormonal 
regulation  of  tyrosine  hydroxylase  activity  and  the  second  deals  with  the  immune 
induction  of  Dopa  decarboxylase  transcription.  Thus,  my  introduction  is  presented  in 
two  parts;  the  first  deals  with  hormone  signalling,  the  second  with  the  innate  immune 
response. 

Part  1:  Hormonal  regulation  of  Drosophila  development 

The  neuropeptide  prothoracicotrophic  hormone  induces  secretion  of  a-ecdysone 
from  the  prothoracic  gland  into  the  haemolymph  (1),  which  is  modified  by  peripheral 
tissues  to  produce  the  physiologically  active  form  of  the  hormone,  20-hydroxyecdysone 
(hereafter  referred  to  as  ecdysone).  Ecdysone  controls  every  major  developmental 
transition  in  Drosophila  and  is  released  prior  to  hatching,  both  larval  moults,  pupation  and 
eclosion  (Figure  1 .1  A).  When  ecdysone  is  not  produced,  the  organism  fails  to  transition 
to  the  next  stage  in  development  and  dies  (2,3). 

The  ecdysone  receptor 

The  ecdysone  receptor,  which  is  a  member  of  the  nuclear  hormone  receptor 
superfamily  (4),  regulates  gene  transcription  by  binding  ecdysone  response  elements 
(EcREs)  following  association  with  ecdysone.  This  ligand-dependent  receptor  is  a 
heterodimer  composed  of  one  Ecdysone  Receptor  (EcR)  and  one  Ultraspiracle  (USP) 
subunit  (5-8).  USP  is  a  homolog  of  the  mammalian  retinoic-X-receptor  (9),  and  larvae 
mutant  for  the  usp  gene  fail  to  moult  and  die  late  in  the  first  instar  (10).  The  mammalian 
homolog  of  EcR  is  the  famesoid-X-receptor  (4).  The  EcR  transcript  is  alternatively 
spliced  to  encode  three  receptor  subtypes,  EcR-A,  EcR-Bl,  and  EcR-B2  (Figure  1  .IB) 
(11).  These  isoforms  have  different  amino-termini,  but  share  a  common  carboxy- 
terminal  region  containing  a  DNA-binding  domain  and  a  ligand-binding  domain  (11,12). 
Many  studies  have  focused  on  defining  temporal  and  spatial  expression  patterns  of  each 
EcR  isoform  through  use  of  isoform-specific  antibodies  (11,13-16).  EcR-A  is  expressed 
in  the  imaginal  discs  and  imaginal  rings  that  ultimately  result  in  the  formation  of  adult 
structures  (11).  In  addition,  EcR-A  is  expressed  in  the  prothoracic  gland  cells  (11,17)  and 
type  II  larval  neurons  of  the  central  nervous  system  (15),  two  tissues  that  have  late  larval 
functions.  EcR-Bl  is  expressed  in  larval-specific  tissues  and  those  that  form  the  adult 
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abdominal  epithelium  and  midgut,  called  imaginal  histoblasts  (11).  EcR-A  is  required  for 
neuronal  maturation,  while  EcR-Bl  expression  is  correlated  to  neuronal  regression  (16), 
demonstrating  the  opposing  functions  of  these  isoforms.  The  specific  expression  profile 
of  EcR-B2  has  not  yet  been  determined,  due  to  a  lack  of  a  specific  antibody  to  this 
iso  form,  which  only  has  1 7  unique  amino  acids  that  it  does  not  share  with  EcR-B  1 . 
However,  by  expressing  a  dominant  negative  form  of  EcR  to  disrupt  its  function  and  then 
reintroducing  only  EcR-B2,  a  role  for  EcR-B2  in  border-cell  migration  in  the  egg 
chamber,  shortening  in  wandering  larvae,  and  cuticular  tanning  at  pupariation  was 
demonstrated  ( 1 8). 

Four  types  of  EcR  mutants  have  been  created.  The  first  are  EcR  null  mutants, 
which  cannot  produce  any  of  the  three  isoforms,  and  die  late  in  embryogenesis.  The 
second  type  of  mutation  disrupts  production  of  functional  EcR-B  1  and  EcR-B2,  but 
retains  EcR-A  function.  These  mutants  rarely  survive  to  the  third  instar  and  show  defects 
in  moulting  and  neuronal  remodelling  (19).  The  third  class  of  mutation  blocks  expression 
of  the  EcR-B  1  isoform.  EcR-B  1  mutants  die  prior  to  pupariation,  because  they  fail  to 
undergo  spiracle  eversion,  shortening,  attachment,  and  cuticular  tanning  (12).  The  last 
type  of  mutant  only  effects  the  production  of  the  EcR-A  isoform  (20).  EcR-A  mutants 
have  a  mid-pupal  lethal  phase  since  EcR-A  is  required  for  puparium  formation  and 
destruction  of  salivary  glands  (20).  Together,  the  three  EcR  isoforms  coordinate  tissue 
specific,  temporal  responses  to  ecdysone  signalling.  Specifically,  it  appears  that  EcR-B2 
is  required  early  in  development  for  moulting,  EcR-B  1  is  required  for  pupariation  and 
death  of  larval  tissues,  and  EcR-A  is  required  for  events  in  early  metamorphosis 
involving  future  adult  tissues. 

Ashburner’s  model 

The  puffing  of  larval  salivary  gland  polytene  chromosomes  indicates  the  presence 
of  genes  undergoing  active  transcription.  Based  on  puffing  patterns,  Ashbumer  and  his 
colleagues  developed  a  model  to  explain  ecdysone  regulation  of  metamorphosis  (Figure 
1.2)  (21-23).  Ecdysone,  bound  to  its  receptor,  first  triggers  the  transcription  of  early 
response  genes,  while  repressing  the  expression  of  late-late  genes.  The  protein  product  of 
the  early  genes  usually  encodes  transcription  factors,  which  cause  the  expression  of  a 
subset  of  late-late  genes,  as  well  as  inhibiting  the  transcription  of  early  genes.  A  third 
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class,  called  the  early-late  response  genes,  require  the  ecdysone/receptor  complex,  and  an 
early  gene  product  for  proper  expression. 

Ecdysis 

Each  major  developmental  transition  (hatching,  moulting,  pupation,  and  eclosion) 
requires  the  shedding  of  a  cuticle,  a  process  known  as  ecdysis.  This  is  induced  by  a 
cascade  of  neuropeptides  that  act  on  ecdysone  primed  tissues  to  elicit  their  response 
(Figure  1.3).  The  ecdysis  sequence  occurs  in  three  stages,  pre-ecdysis,  ecdysis  and  post- 
ecdysis.  The  first  visible  cue  indicating  impending  larval  ecdysis  is  pigmentation  of  the 
new  mouth  hooks  adjacent  to  the  old  ones,  which  occurs  approximately  one  hour  (1-2 
moult)  or  104  minutes  (2-3  moult)  prior  to  ecdysis  onset  (24).  New  vertical  plates  appear 
30  minutes  prior  to  eclosion,  leading  to  the  double  vertical  plates  (DVP)  stage.  Within  10 
minutes,  the  old  trachea  collapse,  followed  by  air- filling  of  the  new  trachea,  marking  the 
beginning  of  pre-ecdysis  behaviours.  The  first  stage  of  pre-ecdysis  muscle  movements  is 
characterized  by  repetitive  anterior  to  posterior  contractions,  followed  by  a  second  stage 
of  rolling  contractions  that  travel  posterior  to  anterior,  ending  in  head  retractions. 

Ecdysis  behaviours  begin  25  minutes  after  DVP.  First,  one  or  two  forward  head  thrusts 
that  coincide  with  shedding  of  the  old  tracheal  lining  detach  the  old  mouthparts.  This  is 
followed  by  backward  thrusts  to  detach  the  old  posterior  spiracles,  followed  by  a  two  to 
five  minute  rest  period.  Ecdysis  is  via  a  forward  lateral  turning  escape  movement,  which 
results  in  the  shedding  of  the  cuticle. 

Pupal  ecdysis  (commonly  referred  to  as  pupation),  while  not  a  “classical”  moult, 
involves  secretion  of  a  new  cuticle  within  the  former  larval  cuticle  that  was  tanned  and 
hardened  to  become  the  pupal  case.  Pupation  occurs  approximately  1 2  hours  after 
pupariation  in  Drosophila  (25).  Pupal  pre-ecdysis  begins  with  rhythmic  retractions  of  the 
posterior  of  the  organism  away  from  the  puparium  (26).  Ecdysis  occurs  within  10 
minutes  and  is  characterised  by  posterior  to  anterior  peristaltic  waves  that  cause  head 
eversion,  shedding  of  the  larval  tracheae,  and  rapid  extension  of  the  appendages.  This  is 
followed  by  post-ecdysis  abdominal  contractions,  that  aide  in  giving  the  organism  its 
final  adult  form  within  the  pupal  case. 

Adult  ecdysis,  or  eclosion,  involves  the  organism  emerging  from  the  pupal  case. 
Pre-ecdysis  involves  tracheal  air-filling  approximately  one  hour  prior  to  eclosion  (26). 
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Three  to  five  minutes  before  eclosion,  the  organism  extends  its  ptilinum  to  rupture  the 
operculum.  Peristaltic  contractions  then  propel  the  organism  out  of  the  pupal  case.  Post- 
eclosion,  the  organism  swallows  the  air  that  is  required  for  the  cuticle  and  wing 
expansion  that  occurs  within  one  hour  of  eclosion.  Within  three  hours,  tanning  and 
hardening  of  the  adult  cuticle  occur  (26). 

The  ecdysis  neuropeptide  cascade 

A  decline  in  ecdysone  titre  is  required  to  initiate  the  release  of  the  ecdysis 
neuropeptide  cascade,  otherwise,  ecdysis  is  blocked  (Figure  1.3)  (27).  It  has  been 
suggested  that  a  drop  in  steroid  hormone  titre  signifies  an  organisms  readiness  to  shed  its 
cuticle  (28).  Most  of  what  is  known  about  ecdysis  comes  from  studies  in  Manduca  sexta , 
with  complementary  work  done  in  Bombyx  mori  and  Drosophila. 

Ecdysis-triggering  hormone 

The  first  ecdysis  neuropeptide  to  be  released  when  ecdysone  titres  decline  is 
ecdysis-triggering  hormone  (ETH)  (Figure  1.3).  ETH  is  secreted  from  seven  pairs  of 
epitracheal  Inka  cells  (24).  Interestingly,  preliminary  studies  in  Drosophila  and  a 
Manduca  cell  line  show  that  ecdysone  upregulates  eth  gene  expression  (29,30).  This 
likely  occurs  through  binding  of  an  ecdysone  bound  EcR/USP  receptor  complex  to  an 
EcRE  located  upstream  of  the  gene  (31-33).  However,  additional  factors,  such  as 
Cryptocephal  (CRC),  a  transcription  factor  expressed  in  the  Inka  cells  (33,34),  are  also 
required  for  proper  eth  expression.  There  are  putative  CRC  binding  sites  upstream  of  eth , 
and  ere  mutants  severely  repress  eth  transcription,  resulting  in  ecdysis  defects  (33). 
Furthermore,  a  putative  binding  site  for  the  products  of  the  early  response  gene,  E74 ,  is 
located  within  the  382  bp  enhancer  that  is  required  for  proper  eth  expression.  Together, 
these  data  suggest  that  eth  is  an  early-late  ecdysone  response  gene. 

High  ecdysone  levels  cause  accumulation  of  ETH  in  Inka  cells,  and  conversely, 
also  appear  to  suppress  the  release  of  ETH  into  the  haemolymph.  Injection  of  ecdysone 
into  Manduca  causes  a  dose-dependent  delay  in  ETH  release  and  ecdysis  onset  (32).  In 
fact,  Inka  cells  are  not  competent  to  release  ETH  until  ecdysone  levels  have  dropped  (35). 

The  Drosophila  eth  gene  encodes  two  peptides,  ETH1  and  ETH2  (36).  In 
Drosophila  larvae,  both  tracheal  inflation  and  the  entire  ecdysis  sequence  are  activated  by 
ETH1 .  On  the  other  hand,  ETH2  induces  the  ecdysis  behaviour  only  after  a 
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corresponding  delay  in  prc-ccdvsis  (24).  Both  ETH1  and  ETH2  can  induce  the  entire 
pupal  and  adult  ecdysis  sequence,  although  ETH1  is  ten  times  more  potent  (24,37). 
Deletion  of  the  eth  gene  leads  to  severe  behavioural  defects  that  cause  lethality  at  the  first 
larval  moult,  in  part  due  to  a  loss  of  tracheal  air-filling  (24).  These  data  suggest  that 
ETH1  and  ETH2  initiate  ecdysis  by  triggering  pre-ecdvsis. 

The  ETH  receptor 

ETH  can  initiate  pre-ecdysis  by  binding  to  its  receptor,  ETHR.  In  addition  to  its 
role  in  ETH  synthesis,  several  lines  of  evidence  suggest  that  ecdysone  is  necessary  for 
ethr  expression  in  the  CNS.  First,  organisms  with  low  ecdysone  levels  do  not  respond  to 
ETH  injections,  while  those  with  high  ecdysone  titres  do  (31,32,38).  Second,  CNS 
sensitivity  to  ETH  can  be  restored  by  injection  of  ecdysone  into  freshly  ecdysed  or 
feeding  larvae  that  normally  contain  low  ecdysone  titres  (31).  Lastly,  neuron-specific 
expression  of  ethr  mRNA  correlates  with  the  peak  in  ecdysone  (37,39).  The  Drosophila 
and  Manduca  ethr  genes  encode  two  receptor  subtypes,  ETHR-A  and  ETHR-B  (39-41). 
The  Drosophila  ETHR  isoforms  are  expressed  in  mutually  exclusive  populations  of 
neurons  in  the  CNS,  suggesting  that  they  mediate  different  functions  (37).  The  neurons 
expressing  ETHR-B  have  not  yet  been  characterised.  ETHR-A  is  restricted  to 
neuropeptide  expressing  cells,  including  the  lateral  abdominal  neurons  that  produce  kinin, 
the  ventrolateral  FMRF amide  neurosecretory  cells,  the  ventromedial  eclosion  hormone 
(EH)  producing  neurons,  and  the  dorsolateral  neurons  that  contain  crustacean 
cardioactive  peptide  (CCAP),  myoinhibitory  peptides  (MIPs),  and  bursicon.  This 
suggests  that  ETH  can  exert  its  effects  through  ETHR-A  in  these  cells.  Studies  in 
Manduca  have  shown  that  the  neuropeptide  corazonin  is  responsible  for  the  initial  release 
of  a  small  amount  of  ETH  (42).  ETH,  in  turn,  causes  the  release  of  EH,  and  these 
neuropeptides  act  in  a  positive  feedback  loop  to  increase  the  release  of  the  other  (Figure 
1.3)  (43). 

Eclosion  hormone 

The  eh  gene  encodes  a  single  polypeptide  (44).  Flies  that  lack  EH  expressing 
neurons  (EH-KO)  can  be  created  by  using  the  bipartite  Gal4/UAS  system  (45),  to  express 
the  apoptosis  gene  reaper  ( rpr )  under  the  control  of  an  EH-Gal4  driver  (46).  EH-KO 
flies  fail  to  release  ETH  in  only  59.1%  of  Inka  cells  (47),  consistent  with  a  potential  role 
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for  corazonin  in  ETH  release.  EH-KO  flies  have  a  tracheal  air  filling  defect  that  kills 
most  organisms  in  the  larval  stage.  Detailed  analysis  shows  that  EH-KO  larvae  also  have 
reduced  strength  of  pre-ecdysis  behaviours  (47),  although  there  is  no  difference  in  the 
length  of  pre-ecdysis  and  ecdysis.  Those  organisms  that  survive  to  adulthood  have  major 
defects  at  the  adult  ecdysis  (46).  The  first  defect  observed  is  in  the  timing  of  tracheal  air¬ 
filling,  followed  by  a  lengthened  latency  from  ptilinum  extension  to  emergence  in  pre- 
ecdysis.  Defects  in  eclosion  behaviours  were  also  observed.  The  time  interval  between 
the  onset  of  ptilinum  extension  and  operculum  rupture  was  20  times  longer  than  controls, 
the  length  of  time  from  operculum  rupture  to  head  emergence  was  five  times  longer,  and 
the  time  interval  from  head  emergence  to  completion  of  eclosion  was  three  times  longer. 
Finally,  EH-KO  flies  failed  to  expand  their  wings  and  showed  a  delay  in  tanning  of  the 
cuticle  post-eclosion.  The  EH  receptor  has  not  yet  been  identified;  however,  it  is  known 
that  EH  acts  via  the  accumulation  of  cGMP  (48,49).  It  appears  that,  together,  ETH  and 
EH  control  pre-ecdysis  events,  and  trigger  the  release  of  the  neuropeptides  responsible  for 
ecdysis  and  post-ecdysis  behaviours. 

Crustacean  cardioactive  peptide 

EH  causes  the  release  of  CCAP  (Figure  1 .3)  (48,50).  This  neuropeptide  is 
proposed  to  control  the  ecdysis  motor  program  in  Manduca  (51)  and  is  released 
immediately  prior  to  the  onset  of  ecdysis  in  Drosophila  (47).  Genetic  ablation  of  CCAP 
expressing  cells  (CCAP-KO)  causes  only  minor  defects  at  larval  ecdyses.  CCAP-KO 
organisms  display  a  modest  lengthening  of  the  pre-ecdysis  period  (26),  and  take  longer  to 
shed  their  cuticle  due  to  changes  in  peristaltic  contractions.  Thus,  CCAP  effects  only  the 
larval  ecdysis  behaviours,  not  pre-ecdysis  behaviours. 

Most  CCAP-KO  organisms  die  at  pupation.  This  is  marked  by  a  failure  of  the 
head  to  completely  evert,  a  loss  of  larval  tracheal  shedding,  and  improperly  extended 
appendages  (26).  A  defect  in  initiation  of  the  ecdysis  behavioural  sequence,  shown  by  an 
increased  pre-ecdysis  period  that  is  followed  immediately  by  a  shortened  post-ecdysis,  is 
responsible.  The  small  number  of  CCAP-KO  flies  that  survive  to  adulthood  show  minor 
defects  in  the  eclosion  motor  program.  The  time  it  takes  for  tracheal  air  filling  is 
extended.  The  abdominal  contractions  that  are  used  to  propel  the  organism  forward  are 
induced  normally,  but  the  organism  fails  to  expand  its  body  to  create  the  traction  that  is 
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needed,  making  the  contractions  inefficient  at  propelling  the  organism  forward.  CCAP- 
KO  adult  flies  also  fail  to  expand  their  wings  and  tan  post-eclosion. 

The  CCAP  receptor 

A  G-protein  coupled  receptor  proposed  to  encode  the  CCAP  receptor  has  been 
discovered  (52,53).  This  receptor  likely  stimulates  adenylyl  cyclase,  causing  an  increase 
in  the  amount  of  cyclic  adenosine  mono-phosphate  (cAMP),  which  can  then  activate 
protein  kinase  A  (PKA).  Expression  of  a  dominant  negative  form  of  PKA  in  CCAP 
neurons  recapitulates  the  CCAP-KO  adult  phenotype,  supporting  this  hypothesis  (54). 

Bursicon  and  its  receptor  Rickets 

Genetic  ablation  of  CCAP  neurons  does  not  just  eliminate  CCAP  expression,  but 
also  expression  of  MIPs  and  Bursicon  (Figure  1.3),  as  these  neuropeptides  co-localize 
with  CCAP  (26,54,55).  It  has  been  proposed  that  release  of  MIPs  and  CCAP  into  the 
haemolymph  regulates  the  heart  rate  and  blood  pressure  needed  for  cuticle  expansion 
(37).  The  other  neuropeptide  that  co-localizes  with  CCAP,  Bursicon,  is  a  heterodimeric 
neuropeptide  composed  of  an  a  and  a  p  subunit,  which  are  encoded  by  bursicon  (burs) 
and  partner  of  bursicon  (pburs)  genes,  respectively  (55-57).  Both  burs  and  pburs 
transcripts  are  present  in  embryos,  third  instar  larvae,  and  pupae  (57).  The  embryonic 
and  larval  roles  of  Bursicon  have  not  been  determined;  however,  it  has  long  been  known 
as  the  post-eclosion  hormone  that  was  first  identified  through  neck-ligation  experiments 
(58).  Neck-ligation  of  flies  at  eclosion  prevents  tanning,  while  flies  neck-ligated  30 
minutes  after  eclosion  tan  normally  (59).  Hypomorphic  alleles  of  burs  show  a  delay  in 
tanning  following  eclosion,  and  a  failure  in  cuticle  and  wing  expansion,  but  no  defects  at 
the  larval  or  pupal  ecdyses  (56).  Bursicon  acts  through  its  receptor  Rickets  (RK) 
(55,57,60).  RK  is  a  G-coupled  protein  receptor  and  its  activation  triggers  activity  of 
adenylyl  cyclase  and  a  subsequent  increase  in  cAMP  (61).  Both  burs  and  rk  mutants  fail 
to  expand  their  wings  and  show  a  delay  in  tanning  following  eclosion  (56,60). 
Interestingly,  defects  in  tanning  can  be  rescued  in  neck-ligated  flies  and  rk  mutants  by 
injection  of  8-bromo-cyclic  adenosine  mono-phosphate  (8-Br-cAMP),  a  membrane 
permeable  analog  of  cAMP  (60). 
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Post-eclosion  tanning 

Although  EH-KO  and  CCAP-KO  organisms  have  defects  at  all  ecdyses,  those  that 
survive  until  adulthood  have  the  same  phenotypes  as  burs  and  rk  mutants.  These 
organisms  fail  to  expand  their  wings  and  cuticle  post-eclosion  and  show  a  delay  in 
tanning.  This  phenotype  is  mirrored  in  flies  expressing  a  dominant  negative  form  of  EcR 
under  the  control  of  an  EH  driver  (18),  demonstrating  the  importance  of  ecdysone  as  a 
trigger  for  this  cascade.  The  failure  of  these  flies  to  undergo  post-eclosion  expansion  and 
tanning  indicates  a  loss  of  signalling  that  controls  these  processes.  Tanning  commonly 
refers  to  the  colouration  that  accompanies  the  hardening  of  the  cuticle.  In  Drosophila,  the 
mature  cuticle  is  light  brown  over  most  of  the  organism  due  to  sclerotization,  but  the 
abdominal  tergites  are  black  where  melanisation  occurs.  Both  processes  require 
metabolites  of  dopamine  (DA)  (Figure  1 .4)  (62). 

Tyrosine  hydroxylase 

Tyrosine  hydroxylase  (TH),  encoded  by  pale  (pie )  catalyzes  the  conversion  of 
tyrosine  to  dihydroxyphenylalanine  (Dopa),  the  first  and  rate  limiting  step  in  the 
production  of  DA  (Figure  1 .4)  (63-65).  In  Drosophila,  pie  is  alternatively  spliced  to 
produce  neural  and  epidermal  specific  transcripts  (Figure  1.5)  (66).  The  epidermal 
transcript  contains  the  third  and  fourth  exons  that  are  not  included  in  the  neural  mRNA. 
Null  mutations  of  pie  are  homozygous  lethal,  and  supplying  the  epidermal  but  not  the 
neural  form  of  the  enzyme  on  a  transgene,  rescues  lethality  (67).  TH  activity  is  regulated 
at  a  variety  of  levels  in  vertebrates,  including  transcriptional  regulation,  alternative 
splicing,  RNA  stability,  DA  feedback  inhibition  and  protein  kinase  activation  (68-71). 
Both  transcriptional  regulation  and  alternative  splicing  regulate  TH  activity  in  Drosophila 
(66,67).  Similar  to  mammals,  the  co-factor  tetrahydrobiopterin  (BH4)  and  ferrous  iron 
are  essential  for  Drosophila  TH  activity  (72,73).  The  additional  exons  in  the  epidermal 
transcript  of  pie  encode  a  very  acidic  section  of  7 1  amino  acids  inserted  into  the 
regulatory  domain  of  TH  that  reduces  its  sensitivity  to  DA  inhibition  in  vitro  (72). 
Furthermore,  Drosophila  TH  is  activated,  in  vitro,  by  phosphorylation  of  a  Serine  (Ser) 
residue  that  is  the  32nd  amino  acid  in  the  protein  (Ser32),  a  site  homologous  to  vertebrate 
Ser40  (72),  the  major  site  of  PKA  phosphorylation  and  activation  (68,70).  PKA 
phosphorylation  of  Ser32  only  increases  TH  activity  in  the  presence,  but  not  the  absence, 
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of  DA  (72,73).  It  has  been  proposed  that  phosphorylation  of  Ser32  increases  the  activity 
of  the  epidermal  isoform  of  TH  by  reducing  the  ability  of  the  protein  to  bind  inhibitory 
DA,  and  by  increasing  the  rate  of  binding  to  BH4  (72).  Although  phosphorylation  of 
more  than  one  residue  alters  TH  activity  in  mammals  (68),  it  appears  that  Ser32  is  the 
only  site  phosphorylated  on  Drosophila  TH  (72).  Interestingly,  both  CCAP  and  Bursicon 
signalling  activate  PKA  by  elevating  levels  of  cAMP  (54,60),  suggesting  that  either  of 
these  neuropeptides  may  be  involved  in  the  activation  of  TH  to  regulate  post-eclosion 
tanning. 

Dopa  decarboxylase 

Dopa  decarboxylase  (DDC),  encoded  by  Ddc  (74),  catalyzes  the  second  step  in 
the  synthesis  of  DA,  by  converting  Dopa  to  DA  (Figure  1.4)  (75).  DDC  also  catalyzes 
the  conversion  of  5-hydroxytryptophan  to  serotonin.  Alternative  splicing  generates 
neural  and  epidermal  specific  isoforms  of  Ddc  (Figure  1.5)  (76).  The  epidermal-specific 
transcript  lacks  the  neural-specific  second  exon.  Ddc  mutant  homozygotes  are  lethal  and 
rare  escaper  flies  exhibit  defects  in  cuticular  tanning  and  die  within  24  hours  of  eclosion 
(77).  Similar  to  pie  mutants,  using  transgenes  to  supply  the  epidermal  isoform  of  DDC  to 
Ddc  mutants  rescues  lethality  (76).  Furthermore,  the  neural  role  of  DDC  is  well 
established;  however,  only  6%  of  DDC  activity  is  in  the  brain  of  third  instar  larvae, 
demonstrating  the  importance  of  epidermal  DA  production  (74).  Unlike  TH,  DDC  has 
never  been  shown  to  be  regulated  at  an  activational  level.  DDC  activity  rises  in  the  late 
third  instar  and  reaches  a  peak  at  pupariation,  when  large  amounts  of  activity  are  required 
for  rapid  tanning  of  the  pupal  case,  and  then  drops  (78).  DDC  activity  levels  rise  before, 
and  peak  at  eclosion.  The  early  rise  in  activity  is  necessary  for  pigmentation  of  the 
pharate  adult  bristles  and  epidermis,  and  levels  remain  high  for  tanning  of  the  adult 
cuticle  following  eclosion. 

The  Ddc  gene  is  subject  to  complex  transcriptional  regulation  to  achieve  the 
developmental  regulation  of  its  activity  described  above.  In  fact,  Ddc  is  a  good  example 
of  an  early-late  ecdysone  response  gene,  since  both  ecdysone  and  an  early  gene  product 
are  required  for  proper  expression  in  the  epidermis  of  third  instar  larvae  (79,80).  Ddc 
transcription  is  induced  at  this  time  because  DA  is  required  for  the  rapid  tanning  of  the 
pupal  case  that  occurs  at  pupariation.  The  ecdysone  receptor  binds  to  an  EcRE  that  is 
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located  97  bp  upstream  of  the  transcription  start  site  to  induce  Ddc  expression  (79).  The 
EcR-B  1  isoform  is  primarily  responsible  for  Ddc  transcriptional  induction.  In  addition, 
the  product  of  the  early  response  gene,  broad  (br),  is  required  for  Ddc  expression  in  late 
third  instar  larvae  (80).  The  br  gene  encodes  four  isoforms,  Z1-Z4  (81).  The  Z2  iso  form 
of  BR  acts  through  three  binding  sites  700  to  800  bp  upstream  of  the  Ddc  transcription 
start  site  to  induce  transcription  (80,82).  Together,  the  ecdysone-receptor  complex  and 
BR-Z2  activate  the  expression  of  Ddc  that  is  necessary  for  rapid  tanning  of  the  pupal 
case.  There  are  also  17  BR  binding  sites,  representing  all  four  BR  isoforms,  within  the 
first  intron  of  Ddc  (83).  The  sequence  within  this  intron  is  required  for  proper  expression 
of  Ddc  in  pharate  adults  (80),  corresponding  to  the  time  when  pigmentation  of  the  bristles 
and  epidermis  occurs.  DDC  activity  is  high  at  hatching  and  both  moults  (78).  The  DA 
produced  by  DDC  is  required  for  the  production  of  melanin  and  sclerotin. 

Metabolism  of  dopamine 

There  are  two  types  of  melanin,  Dopa  melanin  and  DA  melanin  (Figure  1 .4). 

Dopa  melanin  production  is  under  the  control  of  the  yellow  gene  (84,85),  although  the 
exact  function  of  its  product  is  unknown.  Two  yellow-related  proteins,  Yellow-f  and 
Yellow-f2,  which  convert  dopachrome  to  5,6-hydroxyindole  are  also  important  (86).  DA 
is  converted  to  DA  melanin  through  an  uncharacterized  pathway.  There  are  also  two 
pathways  that  lead  to  the  production  of  sclerotin.  DA  can  be  converted  to  N-acetyl  DA 
(NAD A)  through  the  action  of  arylalkylamine  N-acyltransferases  (aaNAT)  (87),  resulting 
in  a  colourless  sclerotin  (88).  Lastly,  DA  is  converted  by  N-p-alanyl  DA  (NBAD) 
synthase,  encoded  by  ebony ,  to  NBAD  (84,89).  This  results  in  the  production  of  a  yellow 
or  light  tan  coloured  cuticle.  In  addition,  NBAD  hydrolase,  encoded  by  tan ,  can  convert 
NBAD  to  DA  (88).  The  product  of  the  black  (b)  gene  is  also  necessary  for  the  production 
of  NBAD  (90).  b  mutants  have  been  shown  to  have  low  aspartate  decarboxylase  activity 
(91),  and  abnormally  high  p-alanine  transaminase  activity  (92),  and  reduced  NBAD  pools 
(90).  All  of  the  melanin  and  sclerotin  precursors  are  extracellularly  polymerized  and 
cross-linked  to  cuticle  proteins,  probably  through  the  actions  of  a  common  set  of 
enzymes.  It  has  been  proposed  the  phenol  oxidase  (PO),  an  enzyme  important  for  the 
production  of  melanin  in  the  wound  response,  may  play  a  role,  although  its  role  in  the 
developing  cuticle  is  not  understood  (93). 
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In  Chapter  2  of  this  thesis,  I  demonstrate  how  some  post-eclosion  events  are 
controlled  by  the  ecdysis  neuropeptide  cascade.  I  use  cuticular  tanning  as  a  convenient 
visible  marker  of  the  temporally  precise  post-eclosion  developmental  progression.  Levels 
of  both  the  pie  and  Ddc  transcripts  begin  to  accumulate  prior  to  eclosion,  coincident  with 
the  onset  of  pigmentation  of  the  pharate  adult  bristles  and  epidermis.  Since  DDC  activity 
is  high  prior  to  the  post-eclosion  onset  of  tanning,  a  different  factor  must  be  regulated  in 
order  to  switch  on  tanning.  Transcriptional  control  of  pie  does  not  regulate  the  onset  of 
tanning,  since  pie  transcript  levels  remain  unchanged  from  24  hours  before  to  1 2  hours 
after  eclosion.  TH  protein  present  prior  to  eclosion  is  degraded  and  no  TH  activity  can  be 
detected  at  eclosion.  However,  TH  protein  rapidly  accumulates  within  an  hour  following 
eclosion  and  I  provide  evidence  that  CCAP  controls  this  process.  Furthermore,  I  show 
that  TH  is  transiently  activated  during  tanning  by  phosphorylation  at  Ser32,  as  a  result  of 
Bursicon/RK  signalling.  I  conclude  that  the  ecdysis  hormone  cascade  acts  as  a  regulatory 
switch  to  control  the  precise  onset  of  tanning  by  both  translational  and  activational 
control  of  TH. 

Part  2:  The  Drosophila  innate  immune  response 

The  ability  to  combat  infection  is  necessary  for  survival  of  multicellular 
organisms.  In  mammals,  invading  pathogens  are  destroyed  through  the  combined  action 
of  the  immediately  induced  innate  immune  response,  and  the  slower,  more  specific, 
acquired  immunity.  The  complex  adaptive  immune  response  has  only  evolved  recently, 
and  the  majority  of  organisms  combat  infection  using  only  an  innate  immune  response. 
Innate  immunity  has  been  best  studied  in  Drosophila,  where  immunity  can  be  divided 
into  humoral  and  cellular  branches.  This  organism  serves  as  an  exceptional  model  to 
study  medically  relevant  aspects  of  innate  immunity  because  of  the  conservation  of  the 
core  signalling  pathways  from  insects  to  humans.  Three  mechanisms  contribute  to  the 
Drosophila  innate  immune  response:  1 .  transient  synthesis  of  antimicrobial  peptides 
(AMPs)  at  both  the  wound  site  and  in  the  fat  body  followed  by  secretion  into  the 
haemolymph  in  a  systemic  response;  2.  blood  clotting,  melanin  formation,  and 
opsonisation  following  septic  injury;  and  3.  phagocytosis  or  encapsulation  of  invading 
organisms  by  specialized  haemocytes  (94). 
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Antimicrobial  peptides 

There  are  approximately  20  immune-inducible  AMPs  encoded  in  the  Drosophila 
genome  (95).  These  AMPs  can  be  grouped  into  seven  classes,  according  to  sequence 
similarities  (Table  1.1).  The  AMPs,  with  the  exception  of  the  25  kD  Attacin,  are  all  less 
than  1 0  kD,  and  have  a  broad  range  of  antibacterial  and/or  antifungal  activity.  Gram 
negative  bacteria  are  combated  by  Diptericin,  Drosocin,  and  Attacin  (96-98).  Defensin  is 
important  for  killing  gram  positive  bacteria  (99).  Drosomycin  and  Metchnikowin  are 
induced  following  fungal  infection  (100,101).  Finally,  Cecropins  have  both  antibacterial 
and  antifungal  properties  (102,103).  Gram  negative,  gram  positive  and  fungal  infections 
induce  different  patterns  of  AMP  expression  (104).  Fat  body  synthesis  and  secretion  of 
AMPs  into  the  haemolymph  are  the  hallmarks  of  the  humoral  immune  response. 
Interestingly,  the  barrier  epithelia,  which  consists  of  the  hypoderm  below  the  cuticle  and 
the  epithelia  of  the  gut  and  tracheae,  are  responsible  for  localized  production  of  AMPs  at 
the  site  of  septic  injury  (105,106).  Furthermore,  the  barrier  epithelia  constitutively 
express  low  levels  of  AMPs  in  the  absence  of  infection,  thereby  creating  a  microbicidal 
surface  that  prevents  infection  (107). 

Pathogen  recognition 

The  differential  induction  of  AMP  gene  transcription  is  achieved  through  specific 
activation  of  the  Toll  pathway  by  gram  positive  bacteria  or  fungi  or  the  Immune 
deficiency  (IMD)  pathway  by  gram  negative  bacteria.  Pattern  recognition  receptors 
(PRRs)  detect  infecting  microbes  by  direct  contact  with  microbial  molecules.  In 
Drosophila,  peptidoglycan  recognition  proteins  (PGRPs)  are  the  PRRs  that  recognize 
specific  forms  of  peptidoglycan  (PGN)  (108),  a  component  of  the  bacterial  cell  wall. 
Insect  PGRPs  are  very  similar  to  those  identified  in  other  organisms  (109-1 1 1).  All 
PGRPs  share  a  160  amino  acid  domain  (PGRP  domain)  with  similarities  to  bacteriophage 
T7  lysozyme,  a  zinc-dependent  A-acetylmuramoyl-L-alanine  amidase.  There  are  two 
subgroups  of  PGRPs  in  Drosophila.  The  first  consists  of  the  catalytic  PGRPs  (PGRP-SC, 
-LB,  and  -SB)  that  have  zinc-dependent  amidase  activity  (112-114).  The  second  group 
contains  PGRP-SA,  -SD,  -LA,  -LC,  -LD,  -LE,  and  -LF.  These  PGRPs  lack  amidase 
activity,  but  can  bind  to  and  recognize  PGN,  thereby  functioning  as  PRRs. 
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Unlike  vertebrates,  lipopolysaccharide  (LPS),  the  major  component  of  the  gram 
negative  cell  envelope,  does  not  activate  the  Toll  or  IMD  pathway  (1 15,1 16).  PGN 
contamination  of  commercial  LPS  preparations  explains  the  initial  reports  that  LPS 
stimulated  the  Drosophila  immune  response.  In  general,  gram  positive  bacteria  have  a 
lysine  (Lys)  residue  at  the  third  position  in  the  PGN  chain,  while  gram  negative  PGN  has 
meso-diaminopimelic  acid  (DAP).  DAP-type  PGN  binding  to  membrane-bound  PGRPs 
activates  the  IMD  pathway,  while  the  Toll  pathway  is  activated  by  secreted  PGRPs  that 
sense  Lys-type  PGN  (115). 

PGRP-LC  is  the  major  sensor  of  DAP-type  PGN  that  activates  the  IMD  pathway 
(Figure  1 .6)  (117).  In  addition,  PGRP-LE  expressed  extracellularly  enhances  the  PGRP- 
LC-mediated  recognition  (1 18,1 19),  while  when  it  is  expressed  cytoplasmically,  it  can 
bypass  the  need  for  PGRP-LC  signalling  altogether  (120).  Several  amidase  PGRPs, 
including  PGRP-LB  and  PGRP-SC,  have  an  important  role  in  regulating  IMD  pathway 
activity  by  degrading  PGN  ( 1 1 4, 1 2 1 ).  Their  amidase  activity  removes  peptides  from 
PGN,  converting  it  into  non-immunostimulatory  fragments,  thereby  attenuating  the 
immune  response.  In  fact,  in  the  haemolymph,  PGRP-LB  establishes  a  negative  feedback 
loop  that  ensures  that  the  immune  response  to  gram  negative  bacteria  is  elicited 
appropriately  (114).  This  prevents  excessive  demands  on  host  resources  and  avoids  the 
potentially  dangerous  consequence  of  over-expression  of  AMPs. 

In  the  haemolymph,  the  Lys-type  PGN  of  gram  positive  bacteria  is  recognized  by 
PGRP-SA  (122)  complexed  with  the  gram  negative  binding  protein  GNBP1  (Figure  1 .6) 
(123,124).  It  has  been  proposed  that  GNBP1  hydrolyzes  Lys-type  PGN  into  small 
fragments  that  can  then  be  detected  by  PGRP-SA  (125,126).  In  addition,  PGRP-SD 
mediates  Toll  activation  by  a  subset  of  gram  positive  bacteria,  with  partial  redundancy  to 
PGRP-SA/GNBP1  (127).  The  GNBP,  GNBP3,  has  homology  to  a  lepidopteran  fungal 
binding  protein  (128),  and  appears  to  be  the  PRR  responsible  for  sensing  cell  wall 
components  of  fungi,  including  glucans,  resulting  in  activation  of  the  Toll  pathway  in 
Drosophila  (Figure  1.6)  (129). 

The  Toll  pathway 

In  contrast  to  vertebrate  Toll  receptors,  which  sense  microbes  directly,  the 
Drosophila  Toll  pathway  is  activated  by  binding  of  a  cleaved  form  of  Spatzle  to  the  Toll 
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receptor  (Figure  1.6)  (130-132).  PRR  activation  of  several  serine  proteases  (SPs),  that 
undergo  zymogen  activation,  leads  to  the  eventual  cleavage  of  Spatzle  (133).  The  SP 
cascade  required  to  activate  Spatzle  in  immunity  is  different  from  the  one  mediating  the 
extensive  roles  that  the  Toll  pathway  has  in  embryonic  development  (132,134).  Five  SPs 
have  been  identified  that  are  required  for  Toll  activation  following  gram  positive 
infection  (135).  The  terminal  protease,  Spatzle  processing  enzyme  (SPE),  which 
catalyzes  the  cleavage  of  Spatzle,  is  very  similar  to  the  embryonic  Spatzle  processing 
enzyme,  Easter  (135,136).  Inappropriate  activation  of  SP  cascades  is  prevented  by  SP 
inhibitors  called  Serpins  (137). 

Four  of  the  five  SPs  that  are  necessary  for  gram  positive  Toll  induction,  including 
SPE,  are  also  required  for  fungal  Toll  induction  (135,136).  The  fungal-specific  activation 
of  Toll  is  mediated  by  the  SP  Persephone  (PSH)  (138)  and  the  inhibitory  serpin.  Necrotic 
(Figure  1 .6)  (139).  Interestingly,  a  secreted  fungal  protease,  PR1  A,  directly  processes 
PSH  into  its  catalytic  form,  thereby  activating  the  Toll  pathway  and  causing  AMP 
expression  (129).  Therefore,  it  appears  that  fungal  activation  of  Toll  occurs  through  two 
pathways:  fungal  protease  cleavage  of  PSH;  and  GNBP3  recognition  of  fungal  glucans 
that  triggers  an  SP  cascade.  Both  processes  result  in  the  activation  of  Toll  through  SPE 
mediated  Spatzle  cleavage. 

At  the  plasma  membrane,  the  Toll  receptor  dimerizes  following  binding  of  a 
processed  Spatzle  dimer  (Figure  1.6)  (130,131).  Activation  of  Toll  causes  recruitment  of 
the  death-domain  (DD)  containing  adaptor  protein  myeloid-differentiation  factor  88 
(MyD88),  which  interacts  with  the  Toll  receptor  through  their  respective  Toll/IL-1 
receptor  (TIR)  domains  (140).  The  DD  is  required  to  transmit  the  signal  to  the  DD 
containing  adaptor  protein  Tube,  which  then  activates  Pelle  kinase,  the  homolog  of  the 
IL-1  receptor- associated  kinase  (134,141).  Subsequently,  through  an  unknown 
mechanism,  the  inhibitory  IkB  homolog,  Cactus,  is  phosphorylated  and  degraded  by  the 
proteasome  (142).  This  releases  the  NFkB  transcription  factors  Dorsal  (DL)  or  Dorsal- 
related  immunity  factor  (DIF)  that  can  then  translocate  to  the  nucleus  to  effect 
transcription  of  their  target  genes  (143,144). 

The  specific  Toll  responsible  for  immune  induction  of  gene  expression  has  not  yet 
been  identified.  In  fact,  there  are  eight  Drosophila  Toll  proteins,  many  of  which  have 
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been  implicated  in  immune  signalling.  Toll  signalling  upregulates  many  of  the  members 
of  the  Toll  pathway  (132,145),  including  Cactus,  which  establishes  a  negative  feedback 
loop  (142).  Except  for  mutations  in  dl  or  cactus ,  flies  homozygous  for  hypomorphic 
mutations  in  Toll  pathway  components,  that  survive  past  embryo  genesis,  lose  immune 
gene  expression,  and  are  susceptible  to  fungal  and  gram  positive  infection  (132,146). 

DIF  and  DL  appear  to  be  redundant  in  larvae,  while  DL  is  dispensable  in  the  adult 
immune  response  (147-149).  Since  Cactus  is  a  repressor  of  DIF  and  DL,  mutation  in 
cactus  would  lead  to  precocious  translocation  of  DIF  and  DL  to  the  nucleus,  which  would 
constitutively  induce  immune  gene  expression. 

The  IMD  pathway 

The  Drosophila  imd  gene  encodes  a  DD-containing  protein  (Figure  1.6)  with 
homology  to  the  Receptor  Interacting  Protein  1  of  the  Tumour  Necrosis  Factor  (TNF) 
receptor  pathway  (150).  It  was  originally  identified  because  a  mutation  in  imd  caused 
reduction  of  expression  of  several  AMP  genes  (151-153).  Once  PGRP-LC  binds  to  PGN, 
PGRP-LC  transduces  the  signal  to  IMD  (1 17,120,154,155).  IMD  interacts  with  the 
adaptor  protein  called  Fas-Associated  Protein  with  Death  Domain  (dFADD)  (156,157). 
dFADD  associates  with  the  caspase  Dredd  through  their  respective  death  effector 
domains  (DED)  (158,159).  In  addition,  transforming  growth  factor  (TGF)  (3-activated 
kinase  1  (TAK1)  is  activated  by  IMD  signalling  (160,161).  The  inhibitor  of  apoptosis 
protein,  DIAP2  (162-164)  is  a  putative  E3  ubiquitin  ligase  that  has  a  baculovirus  IAP 
repeat  (BIR)  domain  and  a  really  interesting  new  gene  (RING)  domain,  that  may  activate 
TAKE  TAK1  and  its  adaptor,  TAK1  binding  protein  (TAB2)  (162,163,165)  are  thought 
to  activate  the  IKK  signalling  complex  in  an  IMD  and  possibly  a  dFADD-dependent 
manner  (156)  although  the  exact  link  between  IMD  and  the  IKK  complex  is  unknown. 
The  IKK  signalling  complex  is  composed  of  IKK(3/ird5  and  IKKy/kenny  (166-168).  The 
IKK  complex  can  phosphorylate  the  NFkB  transcription  factor  Relish  (REL)  (168,169), 
thereby  targeting  it  for  cleavage  by  an  unknown  mechanism.  Dredd  interacts  with 
phosphorylated  REL,  and  is  required  for  cleavage  (170,171);  however,  it  has  never  been 
shown  to  be  directly  responsible  for  cleavage.  Once  cleaved,  REL  translocates  to  the 
nucleus  to  elicit  its  gene  specific  transcriptional  effects. 
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Flies  bearing  mutations  in  any  of  the  IMD  pathway  components,  such  as  IMD, 
dFADD,  and  TAK1  (Figure  1 .6),  are  viable  in  the  absence  of  infection,  but  succumb  to 
gram  negative  infection  (156,157,161).  In  addition  to  the  core  IMD  pathway  members, 
several  modulators  of  the  IMD  pathway  have  also  been  identified  (162,172-178).  One 
such  modulator,  defence  repressor  1  (DNR1)  was  shown  to  repress  Dredd- specific 
immunity  gene  induction  (174).  Interestingly,  DNR1  also  appears  to  be  an  inhibitor  of 
the  initiator  caspases  that  trigger  apoptosis  (179).  In  addition,  over-expression  of  DIAP2 
inhibited  apoptosis,  while  deletion  of  DIAP2  increased  caspase  activity  (164,180).  These 
observations  suggest  that  there  is  cross-talk  between  the  immune  and  apoptotic  responses. 

The  JNK  pathway 

The  IMD  pathway  also  induces  the  activity  of  the  Jun  kinase  (JNK)  pathway  due 
to  a  bifurcation  at  TAK1  (Figure  1.6)  (181).  The  Drosophila  JNK  pathway  consists  of  the 
MAPK  kinase  (MAPKK),  Hemipterous  (HEP),  and  the  JNK,  Basket  (BSK)  (182).  All 
JNKs  are  activated  by  dual  phosphorylation  of  a  characteristic  TPY  motif  (183).  Immune 
activation  of  BSK  occurs  through  TAK1  (181),  and  requires  both  Dredd  and  dFADD 
(175).  BSK  activates,  by  phosphorylation,  the  heterodimeric  transcription  factor  AP-1 
(184,185),  which  is  composed  of  one  Fos  and  one  Jun  subunit  (186,187).  The  role  of 
JNK  in  AMP  expression  is  controversial,  since  a  role  in  both  induction  (188,189)  and 
repression  (190)  of  AMP  expression  has  been  proposed.  However,  a  subset  of  IMD- 
independent,  JNK-dependent  non- AMP  immune  response  genes  are  induced  following 
gram  negative  infection  (160).  JNK  signalling  activates  transient  expression  of  genes 
prior  to  the  sustained  REL-dependent  gene  expression  (191).  Proteasomal  degradation, 
through  an  ubiquitin  ligase  RING  domain  protein  called  Plenty  of  SH3s  (POSH),  is 
responsible  for  rapid  termination  of  JNK  signalling  (177). 

The  JNK  pathway  is  required  for  embryonic  dorsal  closure  (182,185,192)  and 
apoptosis  (193,194).  Furthermore,  JNK  signalling  is  necessary  for  wound  healing  in  the 
adult  epidermis  (195,196)  and  the  larval  wing  disc  (197).  JNK  has  a  role  in  the  cellular 
immune  induction  of  haemocytes  during  parasitic  wasp  infestation  (198)  and  crystal  cell 
rupture  following  wounding  ( 1 99).  It  is  therefore  not  surprising  that  JNK  signalling 
activates  many  proteins  involved  in  cytoskeleton  remodelling  (181).  The  TNF 
superfamily  ligand,  Eiger,  is  responsible  for  HEP  activation  through  a  TAK1- 
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independent,  small  Rho-GTPase-dependent  mechanism  during  crystal  cell  rupture  for 
wound  healing  (199).  During  development,  HEP  is  activated  by  the  actions  of  the 
MAPKKK  Slipper  (200,201).  However,  it  appears  that  JNK  pathway  induced  apoptosis, 
which  is  triggered  by  Eiger,  requires  both  TAK1  and  TAB2,  similar  to  immune  activation 
of  JNK  (202).  There  is  also  a  link  between  the  JNK  pathway  and  the  Toll  pathway,  since 
mutation  of  Toll  pathway  components  caused  a  loss  of  expression  of  the  JNK  responsive 
gene  fligh  tin  (181). 

The  ERK  and  p38  MAPK  pathways 

In  addition  to  the  JNK  pathway,  two  other  conserved  MAPK  pathways  have  been 
implicated  in  wound  healing  and  immunity.  The  first,  the  extracellular  signal-regulated 
kinase  (ERK)  pathway,  and  has  been  implicated  in  the  Drosophila  embryonic  wound 
response  (203).  It  also  has  extensive  roles  in  Drosophila  development,  including  tracheal 
branching,  cell  proliferation,  mesodermal  patterning,  R7  photoreceptor  cell 
differentiation,  and  differentiation  of  terminal  embryonic  structures  (204-207).  In 
mammals,  ERKs  mediate  cell  proliferation  induced  by  a  variety  of  growth  factors  and  are 
often  downstream  effectors  of  Ras  signalling  (208).  The  Drosophila  ERK,  encoded  by 
the  gene  rolled  ( rl)  (207),  is  activated  by  its  MAPKK,  MEK,  to  transduce  the  ERK  signal 
(209,210).  ERK  activation  occurs  through  dual  phosphorylation  of  a  conserved  TEY 
motif  (183). 

The  second  MAPK  pathway  is  the  p38  MAPK  family,  which  has  two 
characterized  members  (p38a  and  p38b)  (211)  that  are  involved  in  Drosophila 
development  and  the  environmental  stress  response.  In  vertebrates,  p38  MAPKs  are 
activated  strongly  by  cellular  stresses  and  inflammatory  cytokines  (208).  Drosophila 
p38a  MAPK  signalling  is  important  for  the  stress  response  to  heat  shock,  dry  starvation, 
and  oxidative  stress,  but  not  osmotic  shock  (212).  On  the  other  hand,  p38b  plays  a  role  in 
TGFp  signalling  during  wing  morphogenesis  (213),  and  the  response  to  osmotic  stress 
(214).  In  addition,  transcripts  of  both  genes  are  maternally  deposited  in  the  embryo  and 
are  expressed  throughout  embryonic  development  (211).  It  has  been  proposed  that  both 
p38a  and  p38b  play  a  role  in  the  attenuation  of  the  immune  response.  Consistent  with 
this  proposal,  the  p38a  gene  was  shown  to  be  immune  inducible  by  microarray  analysis 
(181).  Interestingly,  p38  MAPKs,  along  with  JNK  and  ERK,  appear  to  have  a  role  in  E. 
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coli  induced  phagocytosis  in  Ceratitis  capitata  (215).  p38  MAPKs  are  activated  by  dual 
phosphorylation  by  a  MAPKK  at  a  characteristic  TGY  site  (183).  The  homolog  of 
human  MKK3,  encoded  by  licorne  (lie)  (216)  is  a  MAPKK  that  can  activate  p38  (217). 
Lie  is  involved  in  the  regulation  of  the  localization  of  cell  fate  determinants  during 
oogenesis,  thereby  playing  an  essential  role  in  anterior-posterior  and  dorsal-ventral 
patterning  (216).  Furthermore,  the  MAPKKK,  MEKK1  is  responsible  for  regulation  of 
p38  signalling  (217,218). 

The  cellular  immune  response 

The  Drosophila  blood  cells,  called  haemocytes,  elicit  the  cellular  innate  immune 
response.  There  are  three  types  of  blood  cells  in  Drosophila:  plasmatocytes,  crystal  cells, 
and  lamellocytes  (219-223).  Plasmatocytes  constitute  the  major  component  of  the 
haemolymph.  During  development,  the  primary  role  of  the  plasmatocytes  is 
phagocytosis,  particularly  during  embryogenesis  and  metamorphosis,  for  clearing  of  the 
cells  that  were  fated  to  die  (221,224-227).  The  plasmatocytes  are  also  important  in  the 
immune  response  for  phagocytosis  of  invading  bacteria  and  fungi  (228,229),  secreting 
AMPs  (230),  and  possibly  signalling  to  distant  tissues  about  invading  microbes 
(231,232). 

Crystal  cells  constitute  5%  of  the  haemocyte  population  in  embryos  and  larvae, 
but  disappear  at  the  onset  of  metamorphosis  (219,233).  The  zymogen  prophenol  oxidase 
(PPO)  that  is  stored  within  these  cells  creates  characteristic  crystalline  inclusions  (234). 
Following  wounding,  PPO  is  activated  by  a  SP  proteolytic  cascade  to  produce  active  PO. 
PO  catalyzes  several  reactions  in  the  synthesis  of  melanin  to  produce  a  plug  at  the  wound 
site  (Figure  1.7).  Therefore,  crystal  cells  are  very  important  to  formation  of  a  melanised 
wound  plug. 

The  third  type  of  haemocyte,  the  lamellocyte,  is  rarely  observed  in  the  absence  of 
parasitic  wasp  infestation  (220,221,235,236).  Parasitic  wasps  lay  eggs  in  young 
Drosophila  larvae  and  in  defence,  the  lamellocytes  form  a  multilayered  capsule  around 
the  egg  (237).  Melanisation  of  the  capsule  then  kills  the  egg.  Cytotoxic  intermediates  of 
melanin  synthesis  likely  add  to  the  killing  effect  (238).  PO  appears  to  have  a  role  in  the 
melanisation  of  the  lamellocytes  within  the  capsule  (Figure  1 .7)  (237).  However,  the 
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melanisation  response  is  severely  compromised  in  Ddcts2  flies,  suggesting  that  DDC 
activity  is  necessary  in  the  encapsulation  response  (239). 

Wound  healing 

The  primary  layer  of  defence  against  infection  Involves  the  barrier  epithelia  of  the 
epidermis.  Natural  Infection  with  a  variety  of  microorganisms  can  occur  through  the 
tissues  of  the  trachea  and  gut.  In  general,  septic  wounding  is  required  to  cause  a  systemic 
infection.  While  formation  of  a  melanin  clot  is  not  specifically  an  immune  response,  it  is 
essential  at  the  wound  site  to  prevent  haemolymph  loss  following  septic  injury.  Clots 
form  without  the  action  of  PO  (240,241);  however,  PO  is  required  for  clot  hardening 
(241,242).  The  melanin  produced  at  the  clot  site  is  a  direct  consequence  of  the  catalytic 
activation  of  the  PPO  (241)  that  is  stored  in  the  crystal  cells  (243,244),  to  produce  active 
PO.  In  adults,  crystal  cells  do  not  circulate.  At  this  time,  PPO  stored  in  the  epidermal 
cells  is  activated  at  the  site  of  injury. 

Crystal  cell  rapture  at  the  wound  site  is  a  consequence  of  JNK  signalling  triggered 
by  Eiger  (199).  However,  PO  activity  is  also  required  in  the  immune  response  to  help 
destroy  invading  pathogens  (245).  Under  normal  conditions,  the  melanisation  cascade  is 
inhibited  by  the  serpin  Spn27A  (138,145).  Two  SPs  that  may  activate  PPO,  called 
melanisation  protease  (MP)  1  and  MP2,  have  been  identified  (245).  MP2  is  activated  by 
fungal  infection.  MP2  and  a  putative  bacterial-induced  SP  appear  to  act  through 
activation  of  MPL  MP1  can  then  trigger  cleavage  of  PPO.  Transcriptional  induction  of 
genes  in  the  fat  body  is  important  for  Spn27A  degradation  and  production  of  several 
potential  PPO-activating  proteases  (138,145,246-248).  The  method  of  activation  of  the 
SP  cascade  is  unknown;  however,  precocious  induction  of  PGRP-LE  causes  melanisation 
in  the  absence  of  infection  (118),  suggesting  that  it  may  be  the  microbial  sensor  required. 
In  addition,  both  the  Toll  and  IMD  pathways  have  been  implicated  in  triggering  PPO- 
activation  (1 19,138,145).  Since  the  JNK  pathway  is  required  for  crystal  cell  rapture  in 
the  absence  of  infection  (199),  it  may  also  be  involved  in  infection  induced  PPO 
activation. 

PO  can  convert  tyrosine  to  Dopa  and  Dopa  to  Dopaquinone  (Figure  1 .7)  (249).  In 
the  presence  of  DDC,  Dopa  can  also  be  converted  to  DA,  which  PO  can  convert  to 
DAquinone.  The  quinones  can  then  react  non-enzymatically  to  produce  the  two  types  of 
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melanin,  pheomelanin  and  eumelanin.  There  is  some  evidence  that  other  enzymes  may 
participate  in  melanin  synthesis.  An  additional  benefit  of  melanin  production  is  that  the 
melanised  clot  traps  bacteria,  and  promotes  killing  (250).  Another  potential  role  for 
melanin  production  at  the  wound  site  involves  the  formation  of  reactive  oxygen  species 
and  byproducts  of  the  melanin  production  that  have  cytotoxic  antimicrobial  properties 
(251). 

In  addition  to  the  role  of  PO  in  wound  healing,  transcription  of  both  pie  and  Ddc 
is  induced  in  the  embryonic  wound  response  (203).  In  this  case,  transcripts  are  detectible 
in  the  epidermal  tissues  surrounding  the  wound  site.  The  transcription  factor  Grainy  head 
is  reported  to  be  responsible  for  Ddc  induction;  however,  deletion  of  3  AP-1  sites  and  a 
CREB  (an  ERK  inducible  transcription  factor)  binding  site  upstream  of  Ddc  also 
eliminates  expression  during  the  wound  response,  indicating  a  potential  role  for  the  JNK 
or  ERK  pathways  in  this  induction.  Consistent  with  the  role  of  a  MAPK  in  Ddc 
transcriptional  induction,  injection  of  the  MAPK  inhibitor  PD98059  into  embryos 
reduced  the  expression  of  a  Ddc-GFV  reporter  after  aseptic  injury. 

Melanin  production  in  the  innate  immune  response  to  bacterial  infection 

In  addition  to  the  role  of  Ddc  in  the  embryonic  wound  response,  Ddc  transcription 
was  induced  in  larvae  of  Tenebrio  molitor  infected  with  E.  coli  (252),  and  led  to 
increased  DDC  protein  and  activity  levels.  Furthermore,  NBAD  synthase  activity  is 
upregulated  in  the  epidermis  of  T.  molitor  and  C.  capitata  following  septic  injury  with  E. 
coli  (253).  NBAD  is  important  for  sclerotin  production,  and  has  potent  antimicrobial 
effects  when  included  in  the  medium  used  for  bacterial  cultures.  Addition  of  antioxidants 
eliminates  the  killing  effect,  suggesting  that  NBAD  exerts  its  effects  through  spontaneous 
conversion  to  reactive  quinones.  A  potential  role  for  sclerotin  and  melanin  production 
enzymes  in  the  Drosophila  innate  immune  response  was  shown  in  microarrays  that 
identified  genes  induced  after  bacterial  infection  (181,246,247).  Among  the  genes 
induced  are  Ddc  (1 1  -fold),  pie  (2-fold),  punch  (5-fold),  Dhpr  (3-fold),  yellow-f  (6-fold), 
and  black  (2-fold).  Dhpr  and  punch  encode  Dihydropteridine  reductase  and  GTP 
cyclohydrolase  I,  respectively.  These  enzymes  are  responsible  for  synthesis  of  the 
essential  TH  co factor  BH4.  Interestingly,  punch  transcriptional  induction  is  a  JNK- 
specific,  IKK  independent  immune  response  (160).  None  of  the  other  melanin  and 


22 


sclerotin  production  genes  were  shown  to  be  JNK-specific  response  genes,  and  their 
mode  of  induction  is  still  to  be  elucidated.  The  Toll  and  IMD  pathways  are  good 
candidates  for  activation  of  these  genes.  However,  studies  have  shown  that  Toll  and  IMD 
together  are  responsible  for  only  80%  of  immune  gene  induction,  suggesting  that  other 
pathways  must  be  involved  (145). 

In  Chapter  3  of  this  thesis,  I  investigated  the  role  of  melanin  and  sclerotin 
production  in  the  Drosophila  innate  immune  response  to  bacteria  infection,  by  analysing 
the  induction  of  Ddc  transcription  following  infection.  I  found  that  transcription  of  the 
Ddc  is  Induced  in  response  to  gram  negative  and  gram  positive  septic  injury,  but  not 
aseptic  wounding.  Transcription  is  induced  throughout  the  epidermis  and  not  specifically 
at  the  site  of  Infection.  Ddc  transcripts  are  detectible  within  2  hours,  and  levels  remain 
high  for  6  hours  following  gram  negative  infection,  and  36  hours  after  infection  with 
gram  positive  bacteria.  Using  DJc-GFP  reporter  gene  constructs,  I  showed  that  a 
conserved  AP-1  binding  site  upstream  of  the  Ddc  transcription  start  site  is  required  for 
induction.  However,  neither  the  Toll,  IMD,  nor  the  JNK  pathways  are  involved.  Rather, 
Ddc  transcription  depends  on  a  previously  uncharacterised  member  of  the  p38  mitogen 
activated  protein  kinase  family,  p38c.  I  propose  that  Ddc  induction  increases  the  amount 
of  dopamine,  which  is  metabolized  to  produce  reactive  quinones  that  exert  a  killing  effect 
on  invading  bacteria. 
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Figure  1.1:  Ecdysone  titres  during  the  Drosophila  life  cycle  and  the  ecdysone  receptor 
subtypes.  A.  Ecdysone  titres  (pg/mL)  from  whole  body  homogenates  of  Drosophila.  The 
developmental  stages  during  the  Drosophila  life  cycle  are  shown  on  a  timeline  expressed 
in  days.  This  figure  is  adapted  from  (1).  B.  There  are  three  iso  forms  encoded  in  the  78 
kb  EcR  gene:  EcR-A  (top  alternative  splice  variant,  beginning  at  exon  1),  EcR-Bl  (top 
splice  variant,  beginning  at  exon  4),  and  EcR-B2  (splice  variant  shown  below  the  exon 
boxes).  The  coding  sequence  is  shown  in  black.  The  coding  sequence  for  EcR-A  begins 
in  codon  2,  for  EcR-Bl  in  exon  5,  and  for  EcR-B2  in  exon  4.  The  ligand  and  DNA 
binding  domains  are  encoded  in  the  terminal  4  exons  that  are  shared  by  all  three  isoforms. 
This  figure  is  modified  from  (12)  and  (11). 
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Figure  1.2:  Ashbumer’s  model  for  ecdysone-regulated  gene  expression  during 
metamorphosis,  based  on  puffing  patterns  of  larval  salivary  gland  polytene  chromosomes. 
This  figure  is  adapted  from  (22)  and  (23). 
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Figure  1.3:  The  ecdysis  neuropeptide  signalling  cascade.  Following  a  decrease  in 
ecdysone  titres,  ETH  is  released,  triggering  the  release  of  EH.  ETH  and  EH  act  in  a 
positive  feedback  loop  to  increase  the  release  of  each  other  and  trigger  pre-ecdysis 
behaviours.  EH  acts  through  the  second  messenger  cGMP,  and  causes  the  release  of 
CCAP,  which  shuts  off  pre-ecdysis  and  turns  on  the  ecdysis  motor  program  through  an 
increase  in  cAMP.  At  eclosion,  CCAP  also  triggers  the  release  of  Bursicon,  which  binds 
its  receptor  RK,  causing  an  increase  in  cAMP  that  initiates  post-eclosion  behaviours. 
This  figure  is  modified  from  (47)  and  (46). 
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Figure  1.4:  Important  steps  in  the  production  of  epidermal  melanin  and  sclerotin.  The 
first  and  rate  limiting  step  in  melanin  and  sclerotin  production  is  the  conversion  of 
tyrosine  to  Dopa  by  tyrosine  hydroxylase  (TH),  encoded  by  pale.  Dopa  can  be  converted 
to  Dopa  melanin  by  the  products  of  the  yellow ,  yellow-f,  and  yellow-f2  genes.  Dopa 
decarboxylase  (DDC)  catalyzes  the  conversion  of  Dopa  to  dopamine  (DA).  An  unknown 
mechanism  converts  DA  to  DA  melanin.  DA  is  also  converted  to  N-p-alanyl  DA 
(NBAD)  by  NBAD  synthase  (encoded  by  ebony)  which  produces  a  yellow  or  tan 
coloured  sclerotin.  NBAD  is  also  supplied  by  the  action  of  aspartate  decarboxylase 
(encoded  by  black )  and  converted  to  DA  by  NBAD  hydrolase  (encoded  by  tan).  Finally, 
DA  can  be  converted  to  N-acetyl-DA  (NADA)  by  aryl  alkyl  amine  N-acyltransferases 
(aaNAT)  to  produce  a  colourless  sclerotin.  A  role  for  epidermal  phenol  oxidase  (PO)  has 
been  proposed  for  production  of  both  melanin  and  sclerotin. 
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Figure  1.5:  Both  pie  and  Ddc  are  alternatively  spliced  to  produce  neural-specific  (shown 
above  exon  boxes)  and  epidermal-specific  (shown  below  exon  boxes)  transcripts.  The 
coding  sequence  is  shaded  in  grey. 
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Figure  1.6:  Immune  induction  pathways  in  Drosophila.  The  Toll,  IMD,  and  JNK 
pathways  are  required  for  bacterial  induction  of  gene  expression  (see  text  for  details). 
This  figure  is  adapted  from  (94). 
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Figure  1.7:  Wound/immune  induced  melanin  and  sclerotin  synthesis  in  Drosophila 
requires  phenol  oxidase  (PO)  and  Dopa  decarboxylase  (DDC).  The  products  of  the 
reactions,  catalyzed  by  these  enzymes,  react  non-enzymatically  (N)  to  produce  melanin. 
Other  enzymes  (O)  may  have  a  role  in  melanin  synthesis.  DA:dopamine; 
Dopardihydroxyphenylalanine;  NADA:  N-acetyl  DA;  NBAD:  N-p-alanyl  DA.  This 
figure  is  adapted  from  (249). 
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Antimicrobial  peptide 

Number  of  genes 

Main  antimicrobial  function  against 

Diptericin 

2 

Gram-negative  bacteria 

Attacin 

4 

Gram-negative  bacteria 

Drosocin 

1 

Gram-negative  bacteria 

Cecropin 

4 

Gram-negative  bacteria,  Fungi 

Defensin 

1 

Gram-positive  bacteria 

Drosomycin 

7 

Fungi 

Metchnikowin 

1 

Fungi 

Table  1.1:  The  seven  classes  of  antimicrobial  peptides.  This  table  is  adapted  from  (94). 
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Chapter  2:  A  neuropeptide  hormone  cascade  controls  the  precise  onset  of  post- 
eclosion  cuticular  tanning  in  Drosophila  melanogaster 
A  version  of  this  chapter  is  published  in  Development.  (2007).  134:  4395-4404. 

Introduction 

Hormones  play  a  central  role  in  regulating  temporal  and  spatial  patterns  of  gene 
expression  during  the  development  of  multicellular  organisms.  In  the  fruitfly. 

Drosophila  melanogaster ,  the  steroid  hormone  20-hydroxy  ecdysone  (hereafter  referred 
to  as  ecdysone)  controls  all  developmental  transitions  as  the  organism  develops  from  a 
fertilized  egg  to  an  adult  fly  (1).  Ecdysone  is  released  prior  to  the  larval  moults, 
pupation,  and  eclosion  and  initiates  a  hormonal  cascade  that  ultimately  leads  to  shedding 
of  the  cuticle,  a  process  known  as  ecdysis. 

The  precise  timing  of  ecdysis  occurs  in  response  to  the  neuronal  release  of  peptide 
hormones,  which  act  on  ecdysone-primed  tissues  (Figure  2.1).  In  Manduca  sexta ,  if 
ecdysone  titres  do  not  decline,  ecdysis  is  blocked  (2),  suggesting  that  a  decline  in  steroid 
hormone  titre  signifies  the  organism’s  readiness  to  shed  its  cuticle  (3).  The  first  hormone 
to  be  released  in  response  to  decreasing  ecdysone  levels  is  ecdysis-triggering  hormone 
(ETH)  (4).  This  triggers  an  increase  in  eclosion  hormone  (EH)  levels  (5,6)  and,  in  fact, 
EH  acts  in  a  positive  feedback  loop  to  cause  further  release  of  ETH  (7-9).  Together  ETH 
and  EH  are  responsible  for  the  preparatory  behaviour  called  pre-ecdysis,  which  involves 
activities  such  as  absorption  of  moulting  fluid  and  tracheal  air  filling  (10).  EH  acts  via 
accumulation  of  the  second  messenger  cGMP  (7-9,1 1)  to  cause  the  release  of  crustacean 
cardio-acfive  peptide  (CCAP)  (12,13).  CCAP  is  thought  to  control  the  ecdysis  motor 
response  by  shutting  off  pre-ecdysis  and  turning  on  ecdysis  behaviours  such  as  the 
expansion  of  the  body  to  exert  traction  on  the  inside  of  the  pupal  case  and  the  abdominal 
contractions  that  cause  the  emergence  of  the  organism  (6,14,15).  In  fact,  the  timing  and 
organization  of  ecdysis  are  severely  disrupted  in  organisms  carrying  CCAP  ablation 
knockouts  (14).  CCAP  causes  activation  of  protein  kinase  A  (PKA)  to  initiate  ecdysis 
behaviour  (16).  The  post  eclosion  hormone,  Bursicon,  a  heterodimeric  neuropeptide 
whose  a  and  (3  subunits  are  encoded  by  the  bursicon  (burs)  and  partner  of  bursicon 
(pburs;  CGI  5284)  genes  respectively,  co-localizes  with  most  CCAP  neurons  (16-19). 
Bursicon  is  released  into  the  haemolymph  following  eclosion  and  acts  through  its 
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receptor,  encoded  by  rickets  (rk)  (17-20).  RK  is  a  G-coupled  hormone  receptor  and  its 
activation  causes  an  increase  in  cAMP  (21).  Wing  expansion,  and  likely  cuticular 
expansion  and  tanning,  occur  in  response  to  cAMP  activation  of  PKA. 

Wing  and  cuticle  expansion  are  complete  within  20  minutes  of  eclosion  and 
tanning  of  the  cuticle  takes  3  hours  to  occur.  Neck-ligation  of  flies  at  eclosion  prevents 
tanning,  while  flies  neck-ligated  30  minutes  after  eclosion  tan  normally  (22).  Bursicon  is 
normally  released  within  20  minutes  of  eclosion,  and  this  process  is  disrupted  in  flies 
neck-ligated  at  eclosion  (23).  Tanning  in  such  flies  is  rescued  by  the  injection  of  8-Br- 
cAMP  or  haemolymph  extracted  from  flies  20  minutes  after  eclosion  (18-20,23).  We  are 
interested  in  how  the  precise  timing  of  the  developmental  events  following  eclosion  is 
controlled  by  the  ecdysis  neuropeptide  cascade. 

Flies  without  functional  EH  or  CCAP  (EH-KO  and  CCAP-KO  respectively)  can 
be  generated  by  ablating  cells  that  produce  these  neuropeptides.  This  is  achieved  by 
triggering  cell-specific  apoptosis  using  the  GaM/UAS  system  to  express  the  apoptosis 
gene,  reaper ,  under  the  control  of  an  EH  or  CCAP  driver.  EH-KO  and  CCAP-KO  flies 
have  a  similar  adult  mutant  phenotype  to  burs  and  rk  mutants  (14,17,20,24).  Such  adults 
fail  to  expand  their  wings  following  eclosion  and  exhibit  a  delay  in  tanning  of  their 
cuticle.  This  phenotype  is  mirrored  in  organisms  that  express  a  dominant  negative  form 
of  the  ecdysone  receptor  under  the  control  of  an  EH  driver,  demonstrating  the  importance 
of  ecdysone  as  a  trigger  for  this  hormonal  cascade  (25).  Unlike  burs  and  rk  mutants,  EH- 
KO  and  CCAP-KO  flies  also  have  severe  defects  at  the  larval  and  pupal  ecdyses  that 
result  in  reduced  viability  compared  to  wild  type  organisms  (14,15,20,24). 

The  failure  of  EH-KO,  CCAP-KO,  burs  and  rk  flies  to  properly  undergo  post- 
eclosion  wing  expansion  and  tanning  indicates  a  loss  of  signalling  that  controls  these 
developmental  events.  Tanning  commonly  refers  to  the  colouration  that  accompanies  the 
hardening  of  the  cuticle.  In  Drosophila  melanogaster ,  the  mature  cuticle  is  light  brown 
over  most  of  the  organism,  and  therefore  appropriately  described  as  tanned,  but  the 
abdominal  tergites  are  black  where  melanisation  occurs.  Since  all  the  mutants  we  are 
aware  of  that  reduce  overall  colouration  also  reduce  the  black  pigmentation  in  the 
tergites,  we  choose  to  include  both  processes  in  our  use  of  the  word  tanning.  Tanning 
requires  metabolites  of  dopamine  (DA)  (26).  The  first  step  in  the  synthesis  of  DA  is  the 
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rate  limiting  conversion  of  tyrosine  to  dihydroxyphenylalanine  (Dopa)  by  tyrosine 
hydroxylase  (TH),  which  is  encoded  by  the  pale  (pie )  locus  (Figure  2.2A)  (27-29).  The 
conversion  of  Dopa  to  DA  is  then  catalyzed  by  Dopa  decarboxylase  (DDC)  (30),  encoded 
by  Ddc  (31).  Similar  to  vertebrates,  dopamine  plays  a  critical  role  in  the  CNS;  however, 
only  6%  of  DDC  activity  is  present  in  the  brain  of  third  instar  larvae  (32).  The  remaining 
activity  is  present  in  the  epidermis,  demonstrating  the  importance  of  epidermal  DA 
production.  In  addition  to  the  requirement  for  DA  following  eclosion,  DA  is  needed  for 
the  rapid  tanning  of  the  puparium  at  pupariation  and  for  pigmentation  of  the  pharate  adult 
bristles  and  epidermis  prior  to  eclosion. 

Both  Ddc  and  pie  mRNAs  are  alternatively  spliced  to  produce  neural  and 
epidermal  specific  transcripts  in  Drosophila  (Figure  2.2B)  (33,34).  The  Ddc  epidermal 
transcript  lacks  the  neural-specific  second  exon,  while  the  pie  epidermal  transcript 
contains  the  third  and  fourth  exons,  which  are  not  included  in  the  mRNA  for  the  neural 
form  of  the  enzyme.  Both  Ddc  and  pie  null  mutants  are  homozygous  lethal,  and  rare  Ddc 
mutant  “escaper”  flies  exhibit  defects  in  cuticular  tanning  and  die  within  24  hours  of 
eclosion  (29,35).  Using  transgenes  to  supply  the  respective  epidermal,  but  not  neural, 
forms  of  the  enzymes  to  Ddc  mutants  (34)  or  to  pie  mutants  (36)  rescues  their  lethality, 
illustrating  the  importance  of  epidermal  DA  production  in  fly  development.  In 
vertebrates,  TH  activity  is  regulated  at  a  variety  of  levels,  including  transcriptional 
regulation,  alternative  splicing,  RNA  stability,  DA  feedback  inhibition,  and  protein 
kinase  activation  (37-40).  Both  transcriptional  regulation  and  alternative  splicing 
regulate  TH  activity  in  Drosophila  (33).  The  additional  exons  included  in  the  epidermal 
transcript  of  pie  encode  a  very  acidic  segment  of  71  amino  acids  inserted  into  the 
regulatory  domain  of  this  enzyme  that  reduces  the  sensitivity  of  TH  to  DA  inhibition 
activity  in  vitro  (41).  Furthermore,  Drosophila  TH  is  activated,  in  vitro ,  by 
phosphorylation  at  Ser32,  a  site  homologous  to  vertebrate  Ser40  (41),  the  major  site  of 
PKA  phosphorylation  and  activation  (39,40).  Phosphorylation  of  Ser32  has  been 
proposed  to  increase  the  activity  of  the  epidermal  isoform  of  TH  by  reducing  the  ability 
of  the  protein  to  bind  to  DA,  which  inhibits  its  activity,  and  by  increasing  the  rate  of 
binding  of  the  essential  cofactor  tetrahydrobiopterin  (41).  Interestingly,  both  CCAP  and 
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Bursicon  activate  PKA  by  elevating  cAMP  levels  (16,20),  suggesting  that  either  of  these 
neuropeptides  may  be  involved  in  the  activation  of  TH  to  regulate  the  onset  of  tanning. 

In  this  paper,  we  set  out  to  determine  how  the  ecdysis  neuropeptide  hormone 
cascade  regulates  the  precise  timing  of  developmental  events  following  eclosion.  To 
achieve  this,  we  focused  on  the  process  of  tanning  because  its  biochemical  basis  is  known 
and  it  is  a  readily  scored  marker  of  post-eclosion  development.  We  find  that  the  onset  of 
tanning  does  not  depend  on  the  regulation  of  Ddc.  Rather,  it  is  the  regulation  of  TH 
protein  accumulation  and  activity,  elicited  by  the  ecdysis  neuropeptide  hormone  cascade 
that  precisely  controls  tanning.  Specifically,  post-eclosion  accumulation  of  TH  from  the 
pie  transcripts  that  are  already  present  in  pharate  adults  is  regulated  by  CCAP,  while  TH 
is  activated  by  PKA  as  a  result  of  Bursicon  signalling  through  RK.  Regulation  of  TH 
transcription  plays  no  part  in  the  switch,  effected  by  the  ecdysis  hormone  cascade,  that 
triggers  post-eclosion  tanning. 

Results 

Both  pie  and  Ddc  transcripts  accumulate  prior  to  eclosion 

To  determine  whether  control  of  tanning  is  regulated  at  a  transcriptional  level,  we 
examined  the  transcriptional  profile  of  epidermal  pie  and  Ddc  after  pupariation  by  semi- 
quantitative  reverse-transcriptase  polymerase  chain  reaction  (RT-PCR)  (Figure  2.3).  For 
each  indicated  time  point,  isolated  RNA  was  co-reverse  transcribed  with  a  pie  or  Ddc 
specific  primer  and  an  RpL32  specific  primer  to  serve  as  a  loading  control.  For  pie ,  the 
forward  amplification  primer  lies  within  the  first  exon,  and  the  reverse  primer  is  anchored 
within  the  epidermal  specific  third  exon  (Figure  2.2B),  so  the  product  represents  only  the 
epidermal  transcript.  The  Ddc  forward  and  reverse  primers  are  anchored  in  the  first  and 
fourth  exons  respectively,  which  are  common  to  both  epidermal  and  neural  transcripts 
(Figure  2.2B);  however,  the  PCR  conditions  are  such  that  we  only  amplify  the  shorter 
epidermal  transcript.  A  number  of  yw  white  pre-pupae  (WPP)  were  collected  and 
sampled  every  12  hours  until  156  hours  after  puparium  formation  (APF),  approximately  2 
days  after  eclosion  occurs.  Under  our  culture  conditions,  eclosion  occurred,  on  average, 
at  108  hours  APF.  At  this  time,  approximately  half  the  flies  had  eclosed  from  the  sample 
collected  as  WPP.  Both  pharate  adults  and  newly  eclosed  flies  collected  at  108  hours 
APF  were  combined  for  RNA  extraction,  as  we  see  no  difference  in  pie  or  Ddc  transcript 


59 


levels  in  these  distinct  populations  (data  not  shown).  Both  pie  and  Ddc  transcript  levels 
are  high  in  WPP.  After  this  stage,  the  profiles  of  transcription  of  each  gene  differ 
substantially:  pie  transcript  levels  drop  to  low  levels  within  12  hours  of  pupariation,  and 
remain  low  until  72  hours  APF  when  they  rise  dramatically  (Figure  2.3A).  Transcript 
levels  remain  high  until  120  hours  APF,  approximately  12  hours  after  eclosion.  Ddc 
transcript  levels  fall  more  slowly  after  pupariation  (Figure  2.3B),  reaching  minimal  levels 
24  hours  APF.  Levels  begin  to  rise  60  hours  APF,  a  full  48  hours  prior  to  eclosion,  peak 
24  hours  before  eclosion  and  decrease  thereafter. 

TH  protein  and  activity  levels  are  high  in  pharate  adults,  drop  before  eclosion,  and 
rise  thereafter 

Transcriptional  control  of  pie  and  Ddc  cannot  regulate  the  precise  timing  of 
tanning  following  eclosion  since  transcripts  of  both  genes  accumulate  prior  to  eclosion. 
DDC  has  never  been  shown  to  be  regulated  at  a  translational  or  post-translational  level, 
and  high  levels  of  the  active  enzyme  are  present  at  eclosion  (42).  However,  TH  is  known 
to  be  under  both  translational  and  activational  control  in  mammalian  systems  (39,40). 

For  this  reason,  we  looked  at  TH  protein  accumulation  from  pupariation  until  after 
eclosion  (Figure  2.4A).  We  staged  flies  as  WPP  and  sampled  the  collection  every  12 
hours.  In  addition,  we  separated  the  108  hour  APF  organisms  into  pharate  adult  and 
eclosed  adults,  in  order  to  examine  the  differences  in  these  distinct  populations.  The  TH 
antibody  is  not  epidermal-specific;  however,  identification  of  the  epidermal  isoform  of 
TH  is  easily  facilitated  as  it  migrates  much  slower  than  the  neural  isoform.  To  simplify, 
only  the  epidermal  isoform  of  TH  is  shown.  The  high  level  of  TH  in  WPP  decreases  to 
an  undetectable  amount  by  12  hours  APF,  and  rises  again  84  hours  APF  (Figure  2.4A). 
Protein  levels  drop  prior  to  eclosion  but  rise  sharply  thereafter,  remaining  high  for  about 
12  hours. 

We  also  examined  the  activity  profile  of  TH  in  yw  organisms  (Figure  2.4B).  We 
find  that  TH  activity  (expressed  as  a  percentage  of  WPP  activity)  closely  parallels  the 
protein  profile  of  TH.  Enzyme  activity  can  still  be  detected  132  hours  APF  although 
protein  levels  are  below  the  limits  of  detection  by  this  time. 
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TH  protein  and  activity  levels  are  severely  reduced  after  eclosion  in  CCAP-KO  flies 
but  not  EH-KO,  bur/1091,  and  rk4  mutants 

EH-KO,  CCAP-KO,  burs ,  and  rk  flies  show  defects  in  tanning  at  eclosion.  To 
determine  whether  the  ecdysis  neuropeptide  signalling  pathway  (Figure  2.1)  plays  a  role 
in  the  regulation  of  TH  at  eclosion,  we  examined  the  transcriptional,  translational,  and 
activity  profiles  of  TH  in  these  flies  (Figure  2.4C,  2.4D).  Organisms  were  staged  as  WPP 
and  sampled  every  24  hours  until  144  hours  APF.  Two  samples  were  collected  at  the  108 
hour  time  point  comprising  pharate  adults  and  eclosed  adults.  No  CCAP-KO  flies  eclose 
by  108  hours,  so  this  time  point  is  absent  in  Figure  2.4C.  In  the  original  description  of 
EH-KO  flies,  it  was  noted  that  the  proportion  of  flies  that  failed  to  expand  their  wings 
varied  depending  on  the  UAS-r/?r  line  used  (43).  Under  our  conditions,  58%  (n=746)  of 
the  flies  failed  to  expand  their  wings  fully.  For  the  experiments  shown,  only  flies  that 
failed  to  expand  their  wings  were  included  in  the  post-eclosion  analyses.  For  most  of  our 
analysis,  we  used  burs11091  and  rk4  homozygous  flies,  although  we  did  some 
complementary  heteroallelic  studies  using  the  burs25569  and  rk1  alleles.  While  rk1  and  rk4 
mutations  are  null  mutants  due  to  a  truncation  of  the  receptor  in  the  critical 
transmembrane  domain  (20),  both  burs 21091  and  burs25569  mutations  likely  cause 
hypomorphic  mutations  due  to  single  amino  acid  conversions  that  fail  to  completely 
eliminate  protein  function  (17).  pie  transcript  levels  in  the  EH-KO,  CCAP-KO,  burs21091 
and  rk4  flies  mimicked  those  exhibited  by  theyw  control  flies  (data  not  shown).  TH 
protein  levels  in  EH-KO,  burs21091  and  rk4  flies  are  similar  to  those  in  theyw  control 
organisms  (compare  Figure  2.4C  to  Figure  2.4A).  In  the  mutants  and  ablation  knock-out 
flies,  TH  protein  levels  are  high  in  WPP,  decreasing  to  undetectable  levels  in  the  next  24- 
48  hours.  Protein  accumulates  again  at  96  hours  but  drops  once  more  in  all  four  lines  just 
prior  to  eclosion  (see  Figure  2.4C,  108  hour  pharate  adults).  Protein  appears  following 
eclosion  in  EH-KO,  burs21091  and  rk4  flies  and  detectable  levels  persist  longer  than  in  the 
control  flies.  Importantly,  TH  protein  fails  to  accumulate  in  CCAP-KO  flies  following 
eclosion. 

TH  activity  measurements  were  also  carried  out  in  EH-KO,  CCAP-KO,  burs21091 
and  rk4  flies  (Figure  2.4D).  All  four  mutants  show  relatively  normal  profiles  of  enzyme 
activity  during  metamorphosis.  EH-KO,  burs21091  and  rk4  flies  exhibit  the  rapid  increase 
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in  activity  normally  seen  immediately  after  eclosion.  In  contrast,  CCAP-KO  flies  show 
severely  reduced  TH  activity  following  eclosion  compared  to  yw  flies. 

TH  protein  is  translated  within  an  hour  of  eclosion  and  transiently  phosphorylated 
and  activated  thereafter 

Two  lines  of  evidence  suggest  that  TH  protein  accumulation  following  eclosion  is 
regulated:  1)  TH  protein  levels  drop  near  eclosion  in  control  flies  (Figure  2.4A)  and  rise 
again  following  eclosion,  while  pie  transcript  levels  do  not  fluctuate  during  this  period 
(Figure  2.3A);  2)  TH  protein  is  absent  after  eclosion  in  CCAP-KO  flies  (Figure  2.4C), 
although  pie  is  transcribed  normally  (data  not  shown),  indicating  that  CCAP  may  be 
required  for  TH  accumulation  following  eclosion.  To  determine  precisely  when  TH 
protein  first  appears,  Western  blotting  was  carried  out  on  organisms  collected  at  eclosion 
and  every  30  minutes  thereafter  (top  line,  Figure  2.5A).  We  find  that  TH  is  absent  in  flies 
at  eclosion,  and  is  first  detectable  1  hour  later.  Protein  levels  reach  a  maximum  2  hours 
after  eclosion,  and  remain  elevated  until  at  least  12  hours  after  eclosion  (Figure  2.4A). 

We  attribute  the  presence  of  TH  in  the  108  hour  sample  of  eclosed  flies  in  Figure  2.4A  to 
organisms  older  than  1  hour. 

The  major  site  of  activational  control  of  Drosophila  TH  is  the  PKA 
phosphorylation  site  at  Ser32  (41),  and  both  CCAP  and  RK  signalling  lead  to  activation 
of  PKA  (16,21).  The  Ser32  residue  is  homologous  the  rat  TH  Ser40  residue,  so  we  were 
able  to  employ  a  monoclonal  antibody  specific  to  the  rat  phospho-Ser40-TH  to  determine 
the  phosphorylation  state  of  Ser32  (bottom  line,  Figure  2.5A)  after  eclosion. 
Phosphorylated  TH  is  detected  only  during  a  very  short  interval  1.5  to  3  hours  after 
eclosion. 

We  also  examined  TH  activity  following  eclosion.  Activity  is  low  in  flies 
immediately  following  eclosion,  and  begins  to  increase  1.5  hours  after  eclosion,  peaking 
at  2.5  hours.  This  peak  of  activity  corresponds  to  the  time  of  phosphorylation  and 
tanning. 

TH  phosphorylation  and  activity  are  eliminated  in  flies  neck-ligated  at  eclosion 

Flies  neck-ligated  at  eclosion  fail  to  tan  rapidly  thereafter,  while  those  neck- 
ligated  30  minutes  after  eclosion  tan  normally  (22).  The  lack  of  tanning  is  due  to  the 
prevention  of  Bursicon  release  (1 8-20,23)  and  can  be  rescued  in  neck-ligated  flies  by 
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injection  of  8-Br-cAMP  (20),  a  membrane  permeable  analog  of  cAMP.  We  sought  to 
determine  if  the  rescue  by  8-Br-cAMP  injection  was  a  result  of  the  activation  of  the 
epidermal  form  of  TH.  Flies  were  neck-ligated  at  or  30  minutes  following  eclosion,  and 
those  treated  with  8-Br-cAMP  were  injected  immediately.  All  flies  were  aged  a  further 
2.5  hours  before  TH  Western  blots  and  activity  measurements  were  carried  out  (Figure 
2.6A).  We  find  that  no  TH  protein  is  present  at  eclosion  in  control  flies,  in  agreement 
with  Figure  2.5A,  but  protein  is  detectable  2.5  hours  later.  In  the  flies  ligated  at  eclosion, 
less  protein  is  apparent  than  in  control  flies,  and  phosphorylation  of  Ser32  does  not  occur 
(Figure  2. 6 A).  When  flies  are  neck-ligated  30  minutes  after  eclosion,  they  accumulate 
and  phosphorylate  TH.  TH  phosphorylation  can  be  restored  in  flies  neck-ligated  at 
eclosion  by  injection  of  8-Br-cAMP. 

Neck-ligation  of  flies  at  eclosion  reduces  TH  activity  to  6%  of  the  level  in  control 
flies  (Figure  2.6B).  Flies  neck-ligated  30  minutes  after  eclosion  have  double  the  activity 
of  those  neck-ligated  at  eclosion,  and  flies  injected  with  8-Br-cAMP  have  nearly  6-fold 
higher  TH  activity  than  the  flies  neck-ligated  at  eclosion. 

Injection  of  8-Br-cAMP  rescues  translation,  phosphorylation,  and  activity  defects  in 
EH-KO,  CCAP-KO,  burs  and  rk  flies 

The  absence  of  TH  following  eclosion  in  CCAP-KO  flies  (Figure  2.4C),  although 
pie  is  transcribed  normally,  and  the  tanning  defects  in  EH-KO,  CCAP-KO,  burs  and  rk 
mutants  prompted  us  to  examine  whether  the  injection  of  8-Br-cAMP  affected  TH  levels 
and  phosphorylation  states  in  these  mutants  (Figure  2.7 A).  We  also  injected  CCAP-KO 
flies  with  CCAP  in  an  attempt  to  rescue  the  defect  in  TH  accumulation.  Flies  were 
collected  2.5  hours  after  eclosion,  a  time  when  TH  protein,  phosphorylation  and  activity 
levels  are  high  in  control  organisms  (Figure  2.5).  When  EH-KO,  CCAP-KO,  and  rk4 
mutant  flies  were  injected  with  8-Br-cAMP,  tanning  of  the  adult  cuticle  occurred,  in 
contrast  to  un-injected  controls  ((20);  and  data  not  shown).  We  find  that  TH  is  absent  in 
EH-KO  and  CCAP-KO  flies,  and  consequently  no  phosphorylated  protein  is  detected 
(Figure  2.7A,  lanes  2  and  4).  This  absence  of  TH  in  EH-KO  flies  appears  to  contradict 
the  accumulation  of  TH  evident  in  the  108  hour  time  point  shown  in  Figure  2.4C.  We 
assume  the  108  hour  sample  included  organisms  older  than  2.5  hours.  TH  levels  and 
phosphorylation  are  restored  in  both  EH-KO  and  CCAP-KO  flies  injected  with  8-Br- 
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cAMP  (Figure  2.7A,  lanes  3  and  5),  and  injection  of  CCAP  into  CCAP-KO  flies  causes 
accumulation,  but  not  phosphorylation,  of  TH  (Figure  2.8).  Both  burs21091  and  rk4  flies 
have  normal  levels  of  TH  protein  (Figure  2.7A,  lanes  6  and  8),  but  Ser32  phosphorylation 
is  reduced  in  burs20191  and  absent  in  r/^flies.  We  ruled  out  second  site  mutation  effects  in 
the  homozygous  lines  by  showing  that  TH  protein  levels  were  normal  in 
burs21091  /burs25569  and  rk1  /rk4  heterozygotes,  although  Ser32  phosphorylation  was  absent 
(Figure  2.9).  The  phosphorylation  defect  in  burs21091  and  rk4  mutants  is  rescued  by  8-Br- 
cAMP  injection  (Figure  2.7A,  lanes  7  and  9). 

Loss  of  TH  protein  in  EH-KO  and  CCAP-KO  flies  corresponds  with  a  loss  of 
activity  (Figure  2.7B).  Injection  of  8-Br-cAMP  restores  TH  activity  levels  in  these  flies. 
Activity  is  only  slightly  reduced  in  burs21091  mutants  and  unchanged  by  injection  of  8-Br- 
cAMP.  The  reduced  activity  in  rk4  flies  is  restored  by  8-Br-cAMP  injection. 

Discussion 

In  Drosophila,  the  onset  of  tanning  of  the  puparium  occurs  within  one  hour  after 
the  wandering  larva  becomes  sessile.  This  requires  metabolites  of  DA,  the  production  of 
which  is  dependent  on  the  action  TH  and  DDC.  Transcripts  levels  of  both  genes,  and  TH 
protein  and  activity  levels,  are  all  high  in  WPP  (Figures  3,  4).  Unlike  at  eclosion,  TH 
does  not  appear  to  be  activated  by  PKA  phosphorylation  at  pupariation  for  the  rapid 
tanning  of  the  pupal  case  (data  not  shown).  This  is  not  unexpected  since  the  ecdysis 
neuropeptides  are  not  released  until  a  full  1 2  hours  after  puparium  formation.  During  the 
late  third  instar,  the  relatively  insoluble  tyrosine,  which  is  indispensible  for  tanning,  is 
stored  as  a  more  soluble  derivative,  tyrosine-O-phosphate  (Tyr-P)  (See  Appendix  1)  (44). 
Tanning  at  pupariation  is  likely  controlled  by  the  release  of  tyrosine  from  Tyr-P.  No 
appreciable  accumulation  of  Tyr-P  occurs  prior  to  eclosion  (44,45),  suggesting  that  post- 
eclosion  tanning  is  switched  on  by  a  different  mechanism. 

We  established  a  role  for  the  ecdysis  neuropeptide  cascade  in  post-eclosion 
tanning  by  examining  the  regulation  of  two  genes,  pie  and  Ddc ,  which  encode  two 
enzymes  with  critical  roles  in  tanning.  We  used  semi-quantitative  RT-PCR  to  examine 
the  profile  of  transcription  after  puparium  formation.  Levels  of  both  transcripts  are  high 
in  WPP  (Figure  2.3),  but  they  drop  and  then  rise  again  prior  to  eclosion.  Ddc  levels  begin 
to  increase  60  hours  APF,  reach  their  peak  84  hours  APF,  and  decline  thereafter.  DDC 
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enzyme  activity  is  required  prior  to  eclosion  for  pigmentation  of  the  pharate  adult  bristles 
and  epidermis  and  after  eclosion  for  tanning  of  the  adult  cuticle,  and  reaches  a  peak  at 
eclosion  (42).  This  indicates  that  Ddc  is  transcribed  and  translated  prior  to  eclosion  to 
ensure  enzyme  activity  is  present  when  substrate  becomes  available.  In  this  paper,  we 
investigated  whether  the  control  of  tanning,  was  effected  by  the  transcriptional, 
translational,  or  post-translational  regulation  of  TH. 

Levels  of  pie  transcripts  are  high  during  the  24  hour  period  spanning  eclosion 
(Figure  2.3A).  The  early  appearance  of  pie  transcripts  is  not  surprising,  as  pigmentation 
of  the  pharate  adult  bristles  and  epidermis  occurs  between  84  and  96  hours  APF.  Both 
pie  (and  Ddc)  transcription  are  normal  in  EH-KO,  CCAP-KO,  burs21091  and  rk4  flies  (data 
not  shown).  The  accumulation  of  pie  transcripts  prior  to  eclosion,  the  maintenance  of 
high  levels  of  TH  transcription  until  12  hours  after  eclosion,  and  the  fact  that 
neuropeptide  mutant  and  ablation  knock-out  flies  exhibit  normal  pie  transcription,  led  us 
to  conclude  that  the  precise  onset  of  tanning  following  eclosion  is  not  due  to  regulation  of 
pie  transcription. 

TH  protein  and  activity  levels  are  high  prior  to  eclosion  when  pigmentation  of  the 
pharate  adult  bristles  and  epidermis  occurs  (Figure  2.4).  Levels  fall  rapidly  just  prior  to 
eclosion  and  rise  thereafter.  During  this  entire  time,  pie  transcripts  are  present, 
suggesting  that  protein  levels  are  being  regulated.  The  drop  in  TH  protein  levels  may 
occur  through  repression  of  translation  from  pie  transcripts  and/or  increased  turnover  of 
the  protein.  The  complete  failure  of  CCAP-KO  flies  to  accumulate  TH  protein  following 
eclosion  (Figure  2.4C),  although  they  transcribe  pie  normally  (data  not  shown),  indicates 
a  role  for  CCAP  in  this  process.  This  could  occur  at  the  level  of  translation;  alternatively, 
CCAP  signalling  may  alter  TH  protein  stabilization.  We  believe  that  since  PKA 
signalling  has  been  shown  to  regulate  proteins  involved  in  translational  control  (46),  it  is 
more  likely  that  CCAP  signalling  activates  PKA  to  cause  translation,  not  stabilization,  of 
TH  following  eclosion. 

EH-KO,  bursZI09\  and  rk4  flies  all  appear  to  have  relatively  normal  TH  protein 
and  activity  profiles  (compare  Figures  2.4C  and  2.4A  and  Figure  2.4D  to  2.4B).  While 
all  three  exhibit  a  considerable  range  of  activity  in  WPP,  the  pupal  cases  of  these 
organisms  tan  normally.  Despite  the  initial  delay  in  TH  accumulation  in  EH-KO  flies 
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following  eclosion  (Figure  2.7A),  these  flies,  and  burs21091  and  rk4  mutants  all  maintain 
high  levels  of  TH  until  144  hours  APF,  a  time  when  control  flies  no  longer  have  TH 
protein  (Figure  2.4A).  The  persistence  of  TH  longer  than  normal  indicates  a 
developmental  delay  in  the  execution  of  the  neuropeptide  hormone  cascade. 

Interestingly,  rk4  flies  also  show  a  delay  in  degradation  of  TH  following  pupariation 
(Figure  2.4C).  Perhaps  there  is  a  requirement  for  RK  signalling  to  trigger  TH 
degradation  following  tanning  of  the  puparium. 

Neck-ligation  of  flies  at  eclosion  prevents  tanning,  while  flies  ligated  30  minutes 
after  eclosion  tan  normally  (22).  Furthermore,  tanning  of  flies  neck-ligated  at  eclosion 
can  be  rescued  by  injection  of  8-Br-cAMP  (20).  TH  protein  begins  to  accumulate  1  hour 
after  eclosion  in  control  flies  (Figure  2.5A).  Phosphorylation  of  the  protein  by  PKA  at 
Ser32  then  leads  to  enzyme  activity  appearing  between  1 .5  and  3  hours  after  eclosion 
(Figure  2.5).  Our  results  indicate  that  the  translational  and  activational  state  of  TH  is 
responsible  for  controlling  tanning  following  eclosion.  We  find  that  TH  protein 
accumulates,  albeit  not  to  wild-type  levels,  but  is  not  phosphorylated  (Figure  2.6A)  in 
flies  neck-ligated  at  eclosion.  As  a  result,  these  flies  had  reduced  TH  activity  (Figure 
2.6B).  By  interrupting  neuropeptide  signalling  after  eclosion,  we  have  shown  that  the 
element  that  controls  TH  translation  is  released  prior  to  eclosion.  The  loss  of  TH 
accumulation  in  CCAP-KO  flies  (Figure  2.4C  and  2.7A)  and  the  restoration  of  TH 
accumulation  upon  injection  of  CCAP  (Figure  2.8)  suggests  that  CCAP  is  responsible  for 
inducing  TH  translation. 

Flies  neck-ligated  30  minutes  after  eclosion  translate  and  phosphorylate  TH 
normally  (Figure  2.6A).  By  allowing  neuropeptide  signalling  after  eclosion,  we  have 
demonstrated  that  a  factor  is  released  within  30  minutes  of  eclosion  that  causes 
phosphorylation  and  therefore  activation  of  TH.  The  reduced  phosphorylation  of  Ser32 
in  burs21091  flies,  and  complete  loss  of  phosphorylation  in  rk4,  burs21091 /burs25569,  and 
rk1  /rk4  flies  (Figure  2.7A  and  2.9)  suggests  that  Bursicon  signalling  through  RK  controls 
this  process.  Activity  levels  of  TH  are  significantly  reduced  in  flies  neck-ligated  at 
eclosion  compared  to  control  flies  (Figure  2.6B).  Flies  ligated  30  minutes  after  eclosion 
show  2-fold  higher  levels  compared  to  flies  neck-ligated  at  eclosion  and  this  difference 
probably  accounts  for  the  presence  or  absence  of  tanning.  This  suggests  that  a  critical 
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threshold  of  TH  activity  exists  that  is  surpassed  in  the  flies  ligated  at  30  minutes.  Thus, 
while  the  activity  present  in  these  flies  is  significantly  less  than  that  in  control  flies,  the 
organisms  have  sufficient  TH  activity  to  tan,  while  flies  ligated  at  eclosion  do  not  attain 
the  threshold  of  activity  required  for  tanning.  Injection  of  8-Br-cAMP  into  flies  neck- 
ligated  at  eclosion  rescues  tanning  by  restoring  phosphorylation  and  therefore  activation 
of  TH  (Figure  2.6).  Although  injection  of  8-Br-cAMP  does  not  restore  TH  activity  to 
control  levels,  it  increases  activity  nearly  6-fold  (Figure  2.6B),  achieving  the  threshold  of 
activity  required  for  tanning  following  eclosion. 

These  results,  taken  together,  suggest  that  at  least  two  factors  control  the  precise 
timing  of  tanning  after  eclosion.  One,  released  prior  to  eclosion,  causes  translation  of 
TH;  the  other,  released  after  eclosion,  causes  phosphorylation  and  activation  of  TH.  Both 
EH  and  CCAP  are  released  prior  to  eclosion  to  control  pre-ecdysis  and  ecdysis 
respectively  (5,6,12,13).  EH-KO  and  CCAP-KO  flies  both  exhibit  extreme  post-eclosion 
tanning  defects.  EH-KO  flies  take  more  than  9  hours  to  tan  and  CCAP-KO  flies  fail  to 
tan  (M.M.  Davis,  unpublished).  TH  protein  is  undetectable  in  EH-KO  flies  immediately 
following  eclosion  (Figure  2.7A),  but  these  flies  do  eventually  accumulate  TH  (Figure 
2.4C)  and  tan.  The  complete  failure  of  CCAP-KO  flies  to  tan,  combined  with  the  fact 
that  CCAP-KO  flies  fail  to  accumulate  TH  (Figures  2.5A  and  2.8A)  from  the  pie 
transcripts  that  are  present  at  eclosion  (data  not  shown),  suggest  that  CCAP  release  is 
responsible  for  inducing  TH  translation.  The  initial  failure  of  EH-KO  flies  to  accumulate 
TH  (Figure  2.1  A)  is  likely  caused  by  a  failure  to  trigger  the  rapid  release  of  CCAP 
(Figure  2.1).  Presumably,  enough  CCAP  is  eventually  released  in  these  flies  to  effect  the 
translation  of  TH  and  eventually  tanning,  because  the  EH  genetic  ablation  is  leaky. 
Consistent  with  this  prediction,  EH-KO  flies  that  expand  their  wings  accumulate  TH 
normally  (data  not  shown),  suggesting  CCAP  is  released  normally  in  these  flies.  TH 
translation  is  restored  in  CCAP-KO  flies  injected  with  CCAP  (Figure  2.8)  and  rescue  of 
TH  accumulation  and  phosphorylation  occurs  when  EH-KO  and  CCAP-KO  flies  are 
injected  with  8-Br-cAMP  (Figure  2.7).  Rescue  of  both  defects  likely  occurs  because 
injection  of  8-Br-cAMP  activates  PKA  in  CCAP  target  cells,  thus  circumventing  the  need 
for  CCAP  release  (Figure  2.1),  and  also  activates  PKA  in  TH  expressing  cells,  leading  to 
phosphorylation  and  activation  of  TH. 
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Our  data  suggest  that  the  post-eclosion  factor  causing  the  phosphorylation  of 
Ser32  is  the  heterodimeric  hormone  Bursicon.  It  is  responsible  for  tanning  and  wing 
expansion  (17-19,23)  and  acts  through  its  receptor  RK  (20).  Consistent  with  the  role  of 
Bursicon  in  the  phosphorylation  of  TH,  rk4  flies  have  reduced  Ser32  phosphorylation  and 
activity  (Figure  2.7).  These  flies  show  a  delay  in  tanning,  taking  up  to  9  hours  to  tan 
(20).  Injection  of  8-Br-cAMP  rescues  tanning  by  restoring  phosphorylation  and  therefore 
activation  of  TH  (Figure  2.7). 

Two  mutants  in  the  a  subunit  of  Bursicon  have  been  identified,  of  which  one, 
burs 15569 ,  shows  a  delay  in  tanning  in  40%  of  the  progeny,  whereas  a  delay  is  present  in 
82%  of  burs21091 /burs25569  flies  (17).  The  burs21091  mutant  does  not  show  a  delay  in 
tanning,  although  phosphorylation  of  TH  is  reduced  in  these  flies  (Figure  2.1  A). 
Phosphorylation  of  Ser32  is  undetectable  in  burs21091  /burs25569  flies  (Figure  2.9),  likely 
causing  the  more  severe  tanning  defect  seen  in  these  flies.  The  reduced  phosphorylation 
of  TH  in  burs 21091  flies  corresponds  to  a  minor  loss  of  TH  activity  (Figure  2.7B).  Thus,  it 
seems  that  the  threshold  TH  activity  required  for  proper  tanning  is  achieved  in  burs21091 
flies,  although  they  do  not  have  wild-type  levels  of  TH  phosphorylation  or  activity. 
Normal  tanning  in  these  flies  cannot  be  attributed  to  residual  activity  of  the  p  subunit  of 
Bursicon,  CGI  5284,  recently  proposed  to  be  encoded  by  pu  (S.  McNabb  and  J.  Truman, 
personal  communication),  as  neither  subunit  independently  confers  Bursicon  activity 
(1 8,1 9).  The  burs21091  allele  is  likely  a  hypomorph,  and  creation  of  a  null  allele  would  be 
useful.  Additional  studies  on  the  activational  state  of  TH  in  pu  or  burs  null  mutants  will 
help  elucidate  why  tanning  is  not  delayed  in  burs21091  flies. 

Our  data  indicate  that  CCAP  is  responsible  for  initiating  TH  translation  following 
eclosion.  In  Drosophila,  translational  regulation  often  occurs  through  microRNA 
(miRNA)-dependent  RNAi-mediated  repression  through  binding  sites  in  the  3’UTR  of 
transcripts  (47).  Three  miRNAs  have  been  predicted  to  regulate  TH  translation  in 
Drosophila  (48).  These  miRNAs  include  let-7,  which  has  2  putative  binding  sites,  and 
mir-iab-4-3p  and  mir-iab-4-5p  which  have  one  potential  site  each.  It  is  conceivable  that 
one  or  more  of  these  miRNAs,  in  association  with  the  RISC  complex,  could  bind  to  pie 
transcripts  to  cause  the  repression  of  translation  through  a  miRNA-dependent  RNAi- 
mediated  mechanism.  It  is  also  plausible  that  PKA,  activated  by  CCAP  signalling,  may 
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relieve  repression  of  TH  translation  by  phosphorylation  of  one  of  the  subunits  of  the 
RISC  complex  or  associated  proteins.  Future  work  will  establish  whether  there  is  a  role 
for  these  miRNAs  in  the  repression  of  TH  translation  prior  to  eclosion. 
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Figure  2.1:  The  neuropeptide  signalling  pathway  at  eclosion.  In  response  to  decreasing 
levels  of  ecdysone,  ETH  is  released,  triggering  the  release  of  EH.  These  hormones  act 
together  in  a  positive  feedback  loop  increasing  the  release  of  one  another  and  regulate 
pre-ecdysis  behaviours.  EH  causes  the  release  of  CCAP,  which  shuts  off  pre-ecdysis  and 
turns  on  the  ecdysis  motor  program.  At  eclosion,  CCAP  causes  release  of  Bursicon, 
which  binds  to  its  receptor  RK,  and  induces  post-eclosion  events  by  elevating  levels  of 
cAMP  and  causing  tanning.  This  figure  is  modified  from  (5)  and  (43). 
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Figure  2.2:  Critical  steps  in  the  tanning  pathway.  A.  Metabolites  of  dopamine  are 
required  for  tanning.  Tyrosine  hydroxylase  (encoded  by  pie)  converts  tyrosine  into  Dopa 
and  Dopa  decarboxylase  (encoded  by  Ddc)  catalyzes  the  conversion  of  Dopa  to 
dopamine.  B.  Alternative  splicing  of  pie  and  Ddc.  Both  pie  and  Ddc  are  alternatively 
spliced  to  produce  neural  specific  (shown  above  exon  boxes)  and  epidermal  specific 
(shown  below  exon  boxes)  transcripts.  The  coding  sequence  is  shaded  in  grey. 
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Figure  2.3:  Quantitative  RT-PCR  of  pie  and  Ddc  transcripts  following  pupariation.  (A) 
pie  or  (B)  Ddc  transcripts  are  shown  with  an  Rpl32  loading  control.  Bands  from  at  least 
four  different  extracts  for  each  time  point  were  quantified  and  averaged,  and  expressed  as 
a  percent  of  the  loading  control  band  to  produce  the  graphs.  Error  bars  in  this  and 
subsequent  figures  show  standard  error  of  the  mean. 
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Figure  2.4:  TH  protein  and  activity  profiles  in yw,  EH-KO,  CCAP-KO,  burs21091,  and 
rk4  flies  following  puparium  formation.  Times  are  measured  from  pupariation.  A. 
Western  blot  of  epidermal  TH  fromyw  flies.  A  blot  showing  an  actin  loading  control  is 
shown  below  the  TH  Western  in  this  and  subsequent  figures.  B.  TH  activity  in  yw 
organisms.  TH  activity  in  this  and  subsequent  figures  is  expressed  as  the  yw  WPP  value. 
C.  Western  blots  of  epidermal  TH  from  EH-KO,  CCAP-KO,  burs21091,  and  rk4  flies.  D. 
TH  activity  in  the  same  organisms  expressed  as  a  percentage  of  the  yw  white  pre-pupae 
(WPP)  value.  In  parts  B  and  D,  closed  circles  represent  organisms  within  the  pupal  case, 
open  circles  represent  adult  flies  and  values  are  averaged  over  a  minimum  of  three 
separate  experiments. 
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Figure  2.5:  TH  protein  and  activity  in yw  flies  after  eclosion.  A.  Western  blots  of 
epidermal  TH  protein  and  phospho-Ser32-TH.  B.  TH  activity  in  the  same  organisms. 
Values  are  averaged  over  a  minimum  of  three  independent  trials. 
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Figure  2.6:  TH  protein,  phosphorylation  and  activity  in  neck-ligated  flies.  A.  Western 
blots  showing  TH  and  phospho-Ser32-TH  in yw  flies  neck-ligated  at  eclosion  or  30 
minutes  thereafter  and  rescue  by  injection  of  8-Br-cAMP.  B.  TH  activity  in  the  same 
organisms.  Each  value  is  an  average  of  a  minimum  of  three  independent  experiments. 
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Figure  2.7:  Effects  of  8-Br-cAMP  on  TH  protein  accumulation,  phosphorylation  and 
activity  in  peptide  hormone  mutants.  A.  Western  blots  showing  epidermal  TH  and 
phospho-Ser32-TH  levels  2.5  hours  after  eclosion  in  untreated  flies  or  flies  injected  with 
8-Br-cAMP  at  eclosion.  B.  TH  activity  in  the  same  organisms.  Each  value  is  an  average 
of  a  minimum  of  three  independent  experiments. 
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Figure  2.8:  Levels  of  TH  and  phospho-Ser32-TH  in  2.5  hour  old  yw  and  CCAP-KO 
control  organisms  and  in  CCAP-KO  flies  injected  at  eclosion  with  CCAP. 
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Figure  9:  Levels  of  TH  and  phospho-Ser32-TH  in  2.5  hour  old yw,  burs21091  /burs25569 
and  rk1  /rk4  flies. 
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Chapter  3:  A  member  of  the  p38  MAPK  family  is  responsible  for  inducing 
transcription  of  Dopa  decarboxylase  in  the  epidermis  of  Drosophila  melanogaster 
during  the  innate  immune  response 
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Introduction 

Most  animal  species  exhibit  the  ability  to  ward  off  infection.  While  mammals 
employ  a  combination  of  adaptive  and  innate  immune  responses,  the  majority  of 
organisms  use  only  innate  immunity  to  combat  infection.  The  genetic  and  molecular 
techniques  available  in  Drosophila  melanogaster  have  made  it  an  exceptional  model  for 
innate  immune  research  (1).  Drosophila  immunity  combines  humoral  and  cellular 
responses  to  effect  a  strong  resistance  to  many  microorganisms.  The  three  mechanisms 
contributing  to  this  resistance  are:  phagocytosis  of  invading  organisms  by  haemocytes; 
blood  clotting,  melanin  formation  and  opsonisation;  and  transient  synthesis  of 
antimicrobial  peptides  (AMPs)  at  the  wound  site  and  in  the  fat  body. 

Drosophila  lives  in  decaying  and  fermenting  matter,  and  therefore  is  exposed  to  a 
multitude  of  bacteria,  fungi,  and  viruses  that  it  must  defend  itself  against.  The  ability  to 
combat  natural  and  septic  infections  by  gram  negative  and  gram  positive  bacteria  has 
been  the  focus  of  much  study  in  the  last  several  years.  The  work  has  centered  on  the 
humoral  defence  response,  involving  the  synthesis  and  release  of  AMPs  from  the  fat  body 
into  the  haemolymph.  Transcription  of  different  but  overlapping  sets  of  approximately 
20  AMPs  (2,3)  is  elicited  by  gram  negative  bacteria  upon  activation  of  the  IMD  pathway 
(4-6)  and  gram  positive  bacteria  and  fungi  following  induction  of  the  Toll  pathway  (7,8). 
Each  pathway  acts  through  its  respective  NFkB  transcription  factor(s),  the  Toll  pathway 
uses  Dorsal  and  Dif  (9-1 1),  while  the  IMD  pathway  activates  Relish  (12). 

Immune  activation  of  the  IMD  pathway  also  causes  the  induction  of  the  mitogen 
activated  protein  kinase  (MAPK)  cascade,  known  as  the  Jun  kinase  (JNK)  pathway,  due 
to  a  bifurcation  at  the  TGF-Activated  kinase,  TAK1  (13-15).  In  Drosophila,  the  MAPK 
kinase  (MAPKK),  Hemipterous  (HEP)  (16)  activates  the  JNK,  Basket  (BSK)  (13),  that 
can  then  phosphorylate  the  heterodimeric  transcription  factor  AP-l  (17,18),  which  is 
composed  of  a  Fos  and  a  Jun  subunit  ( 1 9,20).  Phosphorylation  activates  AP- 1  and  causes 
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induction  of  JNK  response  genes.  JNK  signalling  is  required  for  proper  wound  healing  in 
the  adult  epidermis  (21,22)  and  the  wing  disc  (23).  JNK  signalling  also  activates  the 
transcription  of  many  proteins  involved  in  cytoskeleton  remodelling  (13),  consistent  with 
its  role  in  haemocyte  activation  in  the  cellular  immune  response  (24).  A  role  for  JNK 
signalling  in  AMP  gene  expression  has  been  proposed  (25,26);  however,  further  research 
needs  to  be  done  because  JNK  repression  of  AMP  synthesis  has  also  been  proposed  (27). 

In  addition  to  the  JNK  pathway,  two  other  conserved  MAPK  pathways  potentially 
have  roles  in  Drosophila  immunity  and  wound  healing.  The  first,  the  extracellular  signal- 
regulated  kinase  (ERK)  pathway,  has  been  implicated  in  the  Drosophila  embryonic 
wound  response  (28).  The  second  is  the  p38  MAPK  family,  which  has  two  characterized 
members  (p38a  and  p38b)  that  have  been  implicated  in  attenuation  of  the  immune 
response  (29).  p38  MAPKs  are  activated  by  dual  phosphorylation  by  a  MAPKK  at  a 
characteristic  TGY  site  (30).  This  site  differs  from  the  dual  phosphorylation  TPY  and 
TEY  motifs  of  JNK  and  ERK,  respectively. 

The  primary  layer  of  defence  against  infection  involves  the  barrier  epithelia  of  the 
epidermis,  including  the  hypoderm  that  lies  beneath  the  cuticle,  and  the  epithelial  tissues 
of  the  trachea  and  gut.  The  barrier  epithelia  are  responsible  for  localized  production  of 
AMPs  at  the  site  of  septic  injury  (31,32).  While  formation  of  a  melanin  clot  at  the  wound 
site  is  not  specifically  an  immune  response,  it  is  essential  to  prevent  haemolymph  loss 
following  septic  injury.  An  additional  benefit  is  that  the  rapid  production  of  the 
melanised  clot  entraps  bacteria,  and  promotes  killing.  The  melanin  produced  at  the  clot 
site  is  a  direct  consequence  of  the  catalytic  activation  of  the  zymogen  prophenol-oxidase 
(33),  that  is  stored  in  the  crystal  cells  (34,35),  to  produce  active  phenol  oxidase  (PO).  PO 
uses  tyrosine  to  produce  the  quinones  that  react  non-enzymatically  to  form  melanin 
(35,36).  Clots  form  without  the  action  of  PO  (33,37);  however,  PO  is  required  for  clot 
hardening  (33,38).  An  additional  potential  role  for  melanin  production  at  the  wound  site 
involves  the  formation  of  reactive  oxygen  species  and  byproducts  of  melanin  production 
that  have  cytotoxic  antimicrobial  properties  (39).  Interestingly,  the  JNK  cascade  is 
necessary  for  crystal  cell  rupture  following  injury,  which  leads  to  melanisation  at  the 
wound  site  (40). 
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In  addition  to  the  role  of  PO  in  wound  healing,  two  other  genes,  pale  (pie )  and 
Dopa  decarboxylase  ( Ddc ),  (41 ),  have  been  shown  to  be  essential  to  wound  healing  in  the 
Drosophila  embryo  (28).  These  genes  encode  the  enzymes  tyrosine  hydroxylase  (TH), 
which  converts  tyrosine  to  dihydroxyphenylalanine  (Dopa),  and  Dopa  decarboxylase 
(DDC),  which  converts  Dopa  to  dopamine  (DA).  The  neural  role  of  DA  is  well 
established;  however,  DA  is  also  metabolized  to  produce  melanin  and  sclerotin  in 
epidermal  tissues  (41,42),  which  leads  to  tanning  of  the  pupal  case  and  adult  cuticle,  and 
pigmentation  of  the  pharate  adult  epidermis  (43).  The  transcription  factor  Grainy-head  is 
reported  to  be  responsible  for  Ddc  induction  in  the  embryonic  wound  response,  by  acting 
through  a  binding  site  just  upstream  of  the  transcription  start  site  (28).  However,  deletion 
of  3  AP-1  sites  and  a  CREB  (an  ERK  inducible  transcription  factor)  binding  site 
upstream  of  Ddc  also  eliminates  expression  of  Ddc  during  the  wound  response,  indicating 
a  potential  role  for  the  JNK  or  ERK  pathways  in  this  induction.  Consistent  with  the  role 
of  a  MAPK  in  Ddc  transcriptional  induction,  injection  of  the  MAPK  inhibitor  PD98059 
into  embryos  reduced  the  induction  of  a  Ddc-G FP  reporter  after  aseptic  injury. 

The  potential  role  for  Ddc  in  the  Drosophila  innate  immune  response  in  larvae  and 
adults  is  interesting.  Defence  against  the  parasitic  wasp  Leptopilina  boulardii  requires 
the  production  of  a  melanised  capsule  that  envelops  the  egg,  and  eventually  kills  it. 
Melanotic  encapsulation  requires  the  actions  of  specialized  blood  cells  called 
lamellocytes  (35,36).  Nappi  et  al.  (44)  showed  that  the  melanisation  response  was 
severely  compromised  in  Ddcls 2  flies,  demonstrating  the  need  for  functional  DDC  in  the 
encapsulation  response.  Ddc  transcription  was  induced  in  larvae  of  Tenebrio  molitor 
infected  with  Escherichia  coli  (45),  and  this  corresponded  to  increased  DDC  protein  and 
activity  levels.  In  addition,  N-p-alanine  (NBAD)  synthase,  an  enzyme  that  converts  DA 
to  the  sclerotin  precursor,  NBAD,  is  induced  in  the  epidermis  of  T.  molitor  and  Ceratitis 
capitata  following  E.  coli  infection  (46).  NBAD  has  potent  antimicrobial  effects,  which 
can  be  removed  by  addition  of  antioxidants,  suggesting  that  NBAD  elicits  its  killing 
effects  due  to  spontaneous  conversion  to  cytotoxic  quinones.  Together,  these  results 
suggest  a  role  for  DA  metabolism  in  the  insect  innate  immune  response.  Consistent  with 
this  prediction,  microarray  experiments  have  identified  Ddc  as  one  of  the  genes  induced 
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after  both  gram  positive  and  gram  negative  bacterial  infection,  but  not  fungal  infection  of 
Drosophila  (47-49). 

In  this  paper,  we  investigate  the  role  of  Ddc  in  the  Drosophila  innate  immune 
response  to  bacterial  infection.  We  find  that  Ddc  is  induced  upon  septic  injury,  but  not 
aseptic  wounding  of  larvae  and  adults,  and  this  response  is  dependent  on  a  single 
conserved  AP-1  binding  site  upstream  of  the  Ddc  transcription  start  site.  However,  the 
JNK  pathway  does  not  induce  transcription  of  Ddc ;  rather,  an  uncharacterized  p38 
MAPK,  p38c,  is  responsible.  Induction  of  Ddc  occurs  throughout  the  epidermis  and  is 
not  restricted  to  the  wound  site.  We  propose  that  DDC  activity  is  required  in  the 
epidermis  for  the  synthesis  of  DA  that  is  metabolized  to  produce  reactive  quinones  that 
exert  killing  effects  on  invading  bacteria. 

Results 

Ddc  transcription  is  induced  in  the  Drosophila  innate  immune  response 

Microarray  studies  of  Drosophila  immunity  have  identified  Ddc  as  an  immune 
inducible  gene  (47-49).  To  confirm  that  Ddc  transcription  is  induced  by  bacterial 
infection,  we  performed  semi-quantitative  reverse  transcriptase  polymerase  chain  reaction 
(RT-PCR)  on  uninjured,  aseptically  injured,  and  septically  injured  mid-third  instar  larvae 
and  adult  flies,  harvested  4  hours  after  treatment  (Figure  3.1).  The  Ddc  forward  and 
reverse  PCR  primers  are  anchored  in  the  first  and  third  exons  of  Ddc ,  respectively,  and 
the  PCR  conditions  are  such  that  we  never  amplify  the  larger  product  that  contains  the 
neural-specific  2nd  exon  (Figure  3.2).  Transcription  of  Ddc  is  induced  when  larvae  or 
adults  are  infected  with  E.  coli  (gram  negative)  (Figure  3.1,  lane  4)  or  Staphylococcus 
aureus  (gram  positive)  (lane  5)  and  when  organisms  are  aseptically  injured  with  a  large 
needle  (data  not  shown);  however,  little  Ddc  transcript  is  detectible  when  organisms  are 
aseptically  injured  with  a  small  needle  (lane  3)  or  left  untreated  (lane  2).  We  find  that  if 
organisms  are  septically  injured  with  a  small  needle,  Ddc  transcription  is  induced, 
whereas  if  that  needle  is  used  for  aseptic  injury,  Ddc  transcription  is  absent.  We  attribute 
Ddc  induction  following  aseptic  injury  with  a  large  needle  to  infection  with  natural  flora 
on  the  Drosophila  cuticle. 
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Ddc  transcription  is  localized  to  the  epidermis 

Having  determined  that  Ddc  is  induced  in  the  immune  response,  we  next  set  out  to 
identify  which  tissues  express  Ddc.  To  do  this,  we  aseptically  and  septically  injured  adult 
flies  and  4  hours  later  separated  their  heads,  thoraxes,  and  abdomens  for  RNA  isolations. 
We  find  that  Ddc  transcription  is  induced  strongly  in  the  head  and  thorax,  and  less  so  in 
the  abdomen  of  the  flies  that  were  septically  injured  with  either  gram  positive  or  gram 
negative  bacteria  (Figure  3. 3 A).  This  induction  was  absent  in  the  flies  that  were 
uninjured  or  aseptically  injured  controls.  This  suggests  that  Ddc  transcription  is  induced 
throughout  the  organism,  and  not  restricted  to  the  site  of  infection. 

Since  Ddc  transcription  is  induced  throughout  the  adult  organism,  the  three  most 
likely  locations  of  transcriptional  induction  are  in  the  haemocytes,  the  epidermis,  or  the 
fat  body.  In  order  to  determine  if  Ddc  transcription  is  induced  in  the  haemolymph,  we 
examined  induction  of  Ddc  transcription  in  larvae  of  domino  ( dom )  mutants  that  fail  to 
develop  functional  haemocytes  (50).  We  were  unable  to  assess  Ddc  induction  in  adult 
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dom  flies,  as  these  mutants  die  at  pupariation  when  large  numbers  of  haemocytes  are 
necessary  for  phagocytosis  at  the  onset  of  metamorphosis.  However,  we  find  that  Ddc 
transcription  is  induced  normally  in  dom  larvae  (Figure  3.3B,  lanes  3  and  4),  and 
that  these  mutants  appear  to  have  a  high  basal  level  of  Ddc  transcription  (lane  2),  likely 
due  to  chronic  infection  caused  by  the  lack  of  haemocyte  derived  cellular  defences. 

To  distinguish  between  the  epidermis  and  the  fat  body  as  the  site  of  Ddc 
transcriptional  induction,  these  tissues  were  isolated  by  dissection  from  mid-third  instar 
larvae  four  hours  after  septic  injury.  We  isolated  tissues  from  larvae  rather  than  adults, 
since  the  fat  body  tissues  are  distributed  throughout  the  adult  fly  (51)  and  epidermal 
tissues  are  difficult  to  dissociate  from  cuticular  tissues  in  Drosophila  adults.  Semi- 
quantitative  RT-PCR  on  the  RNA  obtained  from  these  samples  reveals  that  Ddc 
transcription  is  induced  in  the  epidermal  tissues  and  not  the  fat  body  (Figure  3.3C). 
Reduction  of  DDC  activity  has  no  effect  on  adult  survival  following  infection 

To  determine  if  DDC  activity  within  the  epidermis  is  required  for  survival  in  the 
Drosophila  immune  response,  we  infected  Ddcts2/Ddcn7  and  Ddcts2/Df(2L)l 30  mutants 
with  E.  coli  and  S.  aureus ,  and  tracked  their  survival  for  3  days  (Table  3.2).  The  Ddcn7 
allele  is  a  null  mutation  and  Df(2L)130  is  a  deficiency  of  the  locus;  both  are  embryonic 
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lethal.  The  Ddcts2  mutation  is  a  temperature  sensitive  mutation,  and  Ddcts2/Df(2L)l 30 
flies  have  2-3%  of  the  DDC  activity  detectible  in  wild-type  flies  (52).  We  find  that  there 
is  no  difference  in  the  survival  of  Ddcts2/Ddc7  (Table  3. 2 A)  and  Ddcts2/Df(2L)130  (Table 
3.2B)  compared  to  their  wild-type  siblings.  Thus,  we  conclude  that  Ddc  induction  at  2-3 
%  of  normal  has  no  affect  on  3  day  adult  survival  following  infection  with  E.  coli  and  S. 
aureus. 

In  an  attempt  to  eliminate  DDC  activity  completely,  we  employed  RNAi  to 
degrade  Ddc  transcripts.  To  confirm  that  our  Aic-RNAi  constructs  were  functional,  we 
expressed  the  UAS  driven  RNAi  constructs  under  the  control  of  an  Act5C-G al4  driver. 

We  found  that  all  of  theyfc/5C-Gal4;  P [Ddc- RNAijpWIZ  flies  died  at  pupariation,  a 
stage  when  a  high  level  of  DDC  activity  is  required  for  the  rapid  tanning  of  the  pupal 
case.  However,  it  is  unlikely  that  there  is  a  complete  loss  of  DDC  activity  in  these  flies, 
as  Ddc  null  mutants  are  embryonic  lethal  (53).  ActJC-G al4;  P[Z)dc-RNAi]pSymp  flies 
developed  normally,  suggesting  that  expression  of  this  construct  did  not  destroy  all  of  the 
Ddc  transcripts,  so  we  eliminated  these  flies  from  further  analysis.  We  infected  flies  of 
the  genotype  hs- Gal4;  P[DJc-RNAi]pWIZ  with  or  without  heat  shock  and  found  that 
there  was  no  difference  in  lethality  between  heat  shock  and  control  flies  following 
infection  (Table  3.2C).  Thus,  it  appears  that  reduction  in  DDC  activity  in  these  flies  does 
not  affect  adult  survival. 

The  time  course  of  Ddc  transcription  is  different  in  gram  negative  and  gram  positive 
infections 

While  reducing  DDC  activity  did  not  decrease  the  survival  of  infected  flies,  our 
results  do  show  that  Ddc  transcription  is  induced  in  the  immune  response.  We  set  out  to 
determine  the  transcriptional  profile  of  Ddc  expression  following  infection  with  E.  coli  or 
S.  aureus  (Figure  3.4).  Adult  flies  were  septically  injured  with  live  or  heat-killed  bacteria 
and  harvested  at  various  time  points.  Since  Ddc  transcript  levels  are  high  at  the  2-3  moult 
and  at  pupariation  during  normal  development  (M.  M.  Davis,  unpublished),  the  time 
course  of  Ddc  transcription  following  septic  injury  was  not  determined  for  third  instar 
larvae.  RT-PCR  on  RNA  isolated  from  pools  of  adults  collected  at  the  indicated  time 
points  reveals  that  Ddc  transcripts  are  first  detectible  about  1  hour  after  infection  with 
live  or  heat-killed  E.  coli  (Figure  3.4,  top  gel).  Levels  peak  within  3  hours,  remain  high 
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until  6  hours  after  infection  and  drop  thereafter.  The  profile  of  Ddc  transcription  is 
different  in  response  to  septic  injury  with  live  S.  aureus  (Figure  3.4,  bottom  gel).  In  this 
case,  Ddc  transcripts  are  first  detected  2  hours  after  infection;  levels  peak  by  9  hours  and 
drop  slowly  thereafter.  Similar  to  infection  with  live  S.  aureus ,  flies  septically  injured 
with  heat-killed  S.  aureus  induce  Ddc  transcription,  and  transcripts  are  detectible  3  and  6 
hours  after  infection.  However,  Ddc  transcripts  are  not  detectible  9  and  12  hours  after 
infection  with  heat-killed  S.  aureus.  Thus,  the  sustained  response  of  S.  aureus  induction 
of  Ddc  transcription  requires  continued  infection  by  live  bacteria. 

A  conserved  AP-1  binding  site  is  necessary  for  the  induction  of  Ddc  transcription 

To  determine  which  regulatory  sequence  was  responsible  for  Ddc  induction  in  the 
immune  response,  we  created  Ddc- GFP  reporter  constructs  containing  varying  amounts 
of  the  Ddc  5’regulatory  region  (Figure  3.2).  Epidermal  auto  fluorescence  made  confocal 
images  nearly  impossible  to  analyze,  so  we  employed  semi-quantitative  RT-PCR  to 
examine  the  expression  of  the  reporter  constructs.  First,  we  infected  flies  bearing  the 
constructs  that  contain  the  large  deletions,  P[ZWc-GFP]SH,  P[D^c-GFP]BH,  and  P [Ddc- 
GFPJEH,  and  compared  reporter  gene  induction  in  these  flies  to  expression  in  P \Ddc- 
GFPjPH  bearing  flies  (Figure  3. 5 A,  top  gel).  For  all  Ddc- GFP  constructs,  we  examined 
expression  following  infection  in  a  minimum  of  3  independent  transgenic  lines.  We  find 
that  the  reporter  gene  is  induced  normally  following  both  gram  negative  and  gram 
positive  infection  in  flies  bearing  the  P[D«ic-GFP]PH,  P[Z)dc-GFP]SH,  and  P [Ddc- 
GFPjBH  constructs.  However,  GFP  transcription  is  not  induced  in  flies  bearing  the 
P[£>dc-GFP]EH  construct.  This  suggests  that  the  sequence  necessary  for  Ddc  induction  is 
located  between  the  Bsm\  and  EcoK\  restriction  sites  (Figure  3.2).  To  confirm  this,  we 
infected  a  transgenic  line  bearing  a  construct,  P[Z)<:/c-GFP]PHABE,  that  deleted  only  this 
region  (Figure  3.2),  and  found  that  the  reporter  gene  could  not  be  induced  following 
septic  injury  with  E.  coli  or  S.  aureus.  For  each  construct-bearing  line,  the  wild-type 
copy  of  the  endogenous  Ddc  gene  was  induced  (Figure  3. 5  A,  bottom  gel),  showing  that 
the  immune  response  was  triggered  normally.  To  further  narrow  down  the  region 
responsible  for  Ddc  induction,  we  created  transgenic  flies  bearing  reporter  constructs  that 
contained  a  deletion  of  part  of  the  region  between  the  Bsm\  and  EcoK\  sites.  These  were 
called  P[D<r/c-GFP]  ABE- 1 ,  P[D</c-GFP] ABE-2,  and  P[Ddc-GFP]ABE-3  (Figure  3.2).  We 
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find  that  reporter  gene  transcription  is  immune  inducible  in  flies  bearing  P [Ddc- 
GFP]ABE-1  and  ?[Ddc-G¥?]  ABE-2,  but  not  in  flies  carrying  P[£k/c-GFP]  PH  ABE-3 
(Figure  3.5B,  top  gel).  We  conclude  that  a  sequence  contained  within  this  302  bp  region 
is  necessary  for  the  induction  of  Ddc  transcription  in  the  innate  immune  response. 

We  aligned  this  302  bp  region  (using  the  BLAT  program; 
http://genome.ucsc.edu/)  (54)  with  nine  other  sequenced  Drosophila  genomes.  The 
sequence  was  also  scanned  for  the  presence  of  binding  sites  for  known  transcription 
factors  found  in  a  database  (TESS)  (55).  This  analysis  revealed  two  conserved  binding 
sites  that  could  be  involved  in  the  Drosophila  innate  immune  response  (Figure  3.6). 

These  sites  include  the  7  bp  AP-1  binding  site  (bold  and  underlined)  and  the  8  bp  NFkB 
binding  site  (bold  and  capital  letters). 

To  determine  if  either  of  these  sites  were  necessary  for  Ddc  transcriptional 
induction  in  the  innate  immune  response,  we  used  site  directed  mutagenesis  (See 
Appendix  2)  to  mutate  5  bases  within  each  site  to  create  P[D<7c-GFP]PFlmutNFKB  and 
P[A7c-GFP]PHmutAP-l  (Figure  3.2).  When  transgenic  flies  bearing  P [Ddc- 
GFPJPHmutNFKB  were  infected  with  either  E.  coli  or  S.  aureus ,  reporter  gene 
transcription  was  induced  (Figure  3.5B,  top  gel).  This  suggests  that  the  consensus  NFkB 
site  plays  no  role  in  Ddc  immune  induction.  The  importance  of  an  intact  consensus  AP- 1 
site  is  apparent  from  the  lack  of  reporter  gene  transcription  in  P[Z)<7c-GFP]PHmutAP-l 
flies  following  infection  with  either  bacterium.  In  both  cases,  septic  injury  induced 
transcription  of  the  endogenous  Ddc  normally  in  reporter  bearing  flies  (Figure  3.5B, 
bottom  gel).  An  intact  consensus  AP-1  site  was  also  necessary  for  larval  transcriptional 
induction  (data  not  shown). 

AP-1  can  bind  its  putative  target  site  in  vitro 

Loss  of  reporter  gene  induction  in  P[Ddc-GFP]PHmutAP-l  suggests  that  the  JNK 
activated  transcription  factor  complex,  AP-1,  may  be  involved  in  the  activation  of  Ddc 
transcription  in  the  innate  immune  response.  To  determine  if  AP-1  could  bind  its  putative 
binding  site  upstream  of  Ddc ,  we  employed  an  electrophoretic  mobility  shift  assay 
(Figure  3.7).  We  created  a  26  bp  probe  containing  the  conserved  Ddc  AP-1  sequence, 
and  a  probe  with  changes  in  the  same  5  bases  that  were  mutated  in  P [Ddc- 
GFP]PHmutAP-l .  We  find  that  when  we  add  reticulocyte  lysate  mix  alone,  to  either  the 
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wild-type  or  mutant  probe,  we  see  retardation  of  the  probe  (lane  2  vs.  lane  1  and  lane  10 
vs.  lane  9).  We  do  not  see  an  additional  shift  of  the  wild-type  probe  when  we  add  Jun  or 
Fos  alone  (lanes  3  and  4  respectively).  However,  if  we  add  Jun  and  Fos  together, 
producing  a  complete  AP-1  transcription  factor,  we  see  further  retardation  of  the  probe 
(arrow,  lanes  5  and  6).  This  product  is  lost  when  either  100  times  or  200  times  cold 
competitor  DNA  is  added  to  the  reaction  (lanes  7  and  8  respectively).  However,  addition 
of  both  Jun  and  Fos  does  not  cause  further  retardation  of  the  mutant  probe  (lanes  1 1  and 
12),  suggesting  that  AP-1  is  unable  to  bind  to  the  mutated  binding  site. 

Neither  the  Toll,  IMD,  nor  JNK  signalling  is  involved  in  Ddc  immune  induction 

To  determine  if  the  consensus  AP-1  binding  site  was  a  target  of  JNK  signalling, 
we  employed  the  bipartite  Gal4/UAS  system  to  express  wild-type  and  dominant  negative 
forms  of  the  Drosophila  MAPKK,  HEP,  and  the  JNK,  BSK,  as  well  as  Jun  and  Fos  under 
the  control  of  a  heat  shock  promoter.  In  each  case,  we  infected  organisms  that  had  been 
heat  shocked  for  1  hour  and  then  allowed  to  recover  for  1  hour  prior  to  infection.  Control 
organisms  were  not  heat  shocked.  Expression  of  hep  (UAS-hep),  bsk  (UAS -bsk),  fos 
(UAS  -fos),  or  jun  (UAS  -jun)  did  not  precociously  induce  Ddc  transcription  in  the  absence 
of  infection,  although  Ddc  was  immune  inducible  in  these  flies  (Figure  3.8). 

Furthermore,  expression  of  a  constitutively  active  HEP  (UAS -hepACT)  did  not 
precociously  induce  Ddc  transcription  (Figure  3. 8  A).  Finally,  expression  of  dominant 
negative  forms  of  bsk  (UAS -bskDN),  fos  (UAS  -fosDN),  or  jun  (VAS-junDN)  did  not 
eliminate  immune  induction  of  Ddc  transcription  (Figure  3.8B,C,D). 

Ectopic  expression  of  these  JNK  pathway  components  failed  to  indicate  a  role  for 
JNK  signalling  in  the  Ddc  immune  response.  Consistent  with  this  observation,  Ddc  was 
not  shown  to  be  a  JNK  inducible  gene  (47).  However,  since  a  conserved  AP-1  binding 
site  is  necessary  for  Ddc  immune  induction,  we  thought  it  advisable  to  assess  the  effects 
of  a  JNK  loss  of  function  mutant  on  Ddc  inducibility.  Takl  mutant  flies,  in  which  the 
mutation  eliminates  both  IMD  and  JNK  signalling  (14,15),  activate  immune  transcription 
of  Ddc  normally  (Figure  3.9A).  This  provides  strong  evidence  that  the  JNK  pathway,  and 
its  transcription  factor  complex,  AP-1,  are  not  involved  in  the  induction  of  Ddc  in  the 
innate  immune  response. 
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We  also  infected  mutants  of  additional  components  of  the  IMD  pathway.  These 
included  ird5KG()8(>72  and  ird5EY()2434 ,  both  of  which  have  a  P-element  insertion  in  the  first 
exon  of  the  ird5  gene,  which  encodes  the  (3  subunit  of  the  IKK  complex  (56-58).  This 
complex  is  essential  for  IMD  signalling  downstream  of  TAK1.  In  addition,  we  infected 
flies  bearing  a  P-element  insertion  in  the  gene  encoding  the  IMD-induced  NFkB 
transcription  factor,  Relish,  RelEyomi .  Ddc  transcription  was  immune  inducible  in  these 
each  of  these  mutants  (data  not  shown).  Genetic  data  likewise  fail  to  indicate  a  role  for 
Toll  signalling  in  Ddc  immune  induction.  The  77 3  gain-of-function  mutant,  which 
constitutively  induces  AMP  expression  in  the  absence  of  infection  (7),  did  not 
precociously  induce  Ddc  transcription  (data  not  shown).  This  provides  further  evidence 
that  the  NFkB  site,  although  perfectly  conserved,  is  not  required  for  Ddc  induction 
following  septic  injury. 

The  p38c  MAPK  pathway  is  responsible  for  Ddc  induction 

We  have  provided  evidence  that  the  major  immune  signalling  pathways  are 
dispensable  for  Ddc  immune  induction.  Two  other  MAPK  cascades  have  been 
implicated  in  Drosophila  immunity  and  wound  healing.  The  first,  the  ERK  pathway,  was 
shown  by  Mace  et  al.  (2005)  to  be  necessary  for  robust  induction  of  Ddc  in  the  embryonic 
wound  response.  The  Drosophila  ERK  is  encoded  by  the  gene  rolled  (rl)  (59).  We 
infected  rl1  mutants  with  E.  coli  and  S.  aureus ,  and  found  that  Ddc  was  induced  normally 
in  these  mutants  (Figure  3.9B). 

The  second,  the  p38  MAPK  pathway,  has  been  implicated  in  the  attenuation  of  the 
immune  response  (29).  There  are  two  p38  MAPKs  that  have  been  described  in 
Drosophila, p38a  and p38b.  In  addition,  there  is  a  third  p38,  termed  p38c  (CG33338), 
which  has  been  annotated  in  FlyBase.  The  p38c  gene  is  located  immediately  downstream 
of  p38a ,  and  likely  arose  by  gene  duplication  (60).  Although  p38c  shares  61%  DNA 
sequence  identity  to  p38a,  there  is  some  doubt  that  it,  in  fact,  encodes  a  functional  p38 
MAPK.  The  p38c  gene  has  a  mutation  that  changes  the  TGY  domain  that  is 
characteristic  of  p38  MAPKs  (30)  to  a  TDH  (61 ),  thereby  preventing  this  motif  from 
serving  as  a  substrate  for  dual  phosphorylation.  Secondly,  it  has  two  amino  acid 
substitutions  within  the  eight  amino  acid  catalytic  domain  that  could  prevent  the  active 
site  from  functioning.  However,  4  expressed  sequence  tags  (ESTs)  were  identified  in  a 
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cDNA  library  obtained  from  the  larval  fat  body  of  infected  organisms  (62).  Furthermore, 
the  p38c  MAPK  protein  coding  sequence  is  conserved,  suggesting  that  p38c  is  not  a 
pseudogene,  and  may,  in  fact,  be  functional  (60). 

The  Mpk2!  null  allele  of  p38a  (63),  along  with  P-element  insertions  upstream  of 
p38b  ( p38bKG 01337  and  p38bKG °2737)  and  within  p38c  (p38cKG05S34)  were  obtained  and 
infected  with  E.  coli  or  S.  aureus  (Figure  3.10A).  We  find  that  Ddc  transcription  is 
induced  normally  in  Mpk2! ,  p38bKG01337  (Figure  3. 10A)  and  p38bKG<>2737  ( data  not  shown) 
flies,  but  is  not  induced  in p38cKG(h834  flies  (Figure  3.10A).  The p38cKG<hS34  allele 
contains  an  insertion  of  a  P-element,  in  the  center  of  the  coding  sequence,  which  most 
likely  disrupts  p38c  function.  However,  this  insertion  is  annotated  in  FlyBase  as 
affecting  p38a  function.  We  performed  RT-PCR  for  both  p38a  and  p38c  transcripts  on 
RNA  obtained  from  Mpk2'  and  p38cKG(>5834  mutants  to  determine  the  nature  of  the 
p38cKG05834  mutation.  We  find  that  p38a  is  transcribed  in  p38cKG<>5834  flies  but  not  Mpk2! 
flies  (Figure  3.1  OB),  and p38c  transcript  is  detectible  in  Mpk2 1  mutants,  but  not  in 
p38cKG05834  flies  (Figure  3.1 0C).  Thus,  we  conclude  that  the  insertion  in p38cKG05834 
affects  the  expression  of p38c  and  not  p38a  in  these  flies. 

In  an  attempt  to  analyse  p38c  expression,  we  used  quantitative  RT-PCR  to  detect 
p38c  transcripts  in  uninjured  and  septically  injured  adult  flies  (Figure  3. 10D).  We  find 
that  p38c  transcription  is  not  immune  inducible;  rather,  levels  of p38c  transcripts  are 
similar  in  infected  and  uninfected  organisms. 

Discussion 

Microarray  analysis  has  shown  that  Ddc  transcription  is  induced  by  infection  with 
gram  negative  and  gram  positive  bacteria  (47-49).  We  have  confirmed  that  Ddc  (Figure 
3.1),  but  not  pie  (data  not  shown)  transcription  is  induced  following  gram  negative  (. E . 
coli )  or  gram  positive  ( S .  aureus)  septic  injury  with  a  small  needle.  The  lack  of  pie 
transcriptional  induction  is  not  surprising,  since  PO  activity  can  provide  Dopa  for  DDC, 
thereby  making  TH  redundant.  In  addition,  transcripts  for  the  genes  encoding 
Dihydropteridine  reductase  and  GTP  cyclohydrolase  I,  which  are  responsible  for 
production  of  the  essential  TH  co-factor  tetrahydrobiopterin,  are  significantly  upregulated 
following  septic  injury  (47-49).  This  induction  is  likely  sufficient  to  increase  the  basal 
TH  activity  levels. 
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Aseptic  wounding  of  larvae  or  adults  does  not  lead  to  Ddc  induction  (Figure  3.2), 
unlike  in  embryos  where  Ddc  induction  at  the  edge  of  the  wound  contributes  to  the 
|  formation  of  a  melanin  clot  (28).  Our  data  show  that  robust  induction  of  Ddc  transcription 
is  not  apparent  until  2  hours  after  infection  (Figure  3.4),  long  after  the  melanin  clot  has 
<  already  formed  at  the  wound  site.  The  profile  of  Ddc  transcription  differs  in  response  to 
live  E.  coli  and  S.  aureus  infection  (Figure  3. 4 A).  This  discrepancy  can  be  attributed  to 
the  virulence  of  S.  aureus ,  since  infection  with  heat-killed  S.  aureus  recapitulates  the 
profile  of  Ddc  transcriptional  induction  with  live  E.  coli  (Figure  3.4B). 

Induction  of  Ddc  transcription  following  septic  injury  (Figure  3. 3  A)  occurs 
throughout  the  epidermis  and  not  in  the  fat  body  (Figure  3.3C).  Although  we  do  not  see  a 
change  in  infection  induced  Ddc  transcription  in  dom  larvae  (Figure  3.3B),  we 
cannot  eliminate  the  possibility  that  the  haemocytes  also  express  Ddc.  Induction  of  Ddc 
transcription  in  the  epidermal  tissues  following  infection  (Figure  3.3C),  but  not  wounding 
(Figure  3.2)  suggests  a  role  for  Ddc  in  the  destruction  of  invading  microorganisms.  We 
find  that  mutations  in  Ddc ,  or  knock-down  of  Ddc  expression  by  RNAi  does  not  affect 
the  ability  of  Drosophila  to  survive  infection  (Table  3.2).  This  suggests  that  the  low  level 
of  DDC  activity  in  these  flies  is  sufficient  for  survival.  Flowever,  the  actions  of  enzymes 
I  such  as  phenol  oxidase  in  the  epidermis  may  be  able  to  compensate  for  loss  of  DDC 
}  activity  in  the  immune  response.  Since  all  null  alleles  of  Ddc  are  embryonic  lethal  (53),  it 
!  is  impossible  to  determine  whether  DDC  activity  is  essential  for  survival  following 
infection. 

In  an  effort  to  determine  which  Ddc  promoter  element  is  responsible  for 
|  transcriptional  induction  during  the  innate  immune  response,  we  infected  larvae  and 
adults  of  fly  stocks  bearing  various  Ddc- GFP  reporter  constructs  (Figure  3.2,  3.5).  We 
:  confirmed  that  the  immune  response  was  mounted  in  these  flies  by  showing  that 
:  transcription  from  the  endogenous  Ddc  gene  was  induced  (Figure  3. 5 A,  bottom  gels). 
Infection  of  flies  bearing  constructs  revealed  that  a  302  bp  sequence  that  was  deleted  in 
P[D<ic-GFP]PHABE-3  was  necessary  for  Ddc  induction  (Figure  3.5B).  Alignment  of  the 
sequences  from  10  Drosophila  species  for  this  302  bp  region  (Figure  3.6)  revealed 
conserved  binding  sites  for  NFkB  (capital  letters  and  bold)  and  AP-1  (underlined  and 
bold)  transcription  factors.  Although  the  NFkB  site  is  highly  conserved  in  the  10 
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Drosophila  species  (Figure  3.6),  this  site  is  dispensable  for  immune  induction  of  Ddc 
transcription  (Figure  3.5B). 

The  Toll  and  IMD  pathways  both  activate  the  immune  response  through  NFkB 
transcription  factors.  Mutations  in  Toll  ( 77' ?)  and  IMD  {ird5KG08072 ,  ird5E) 02434 ,  and 
Rel[A0806!)  pathway  components  had  no  effect  on  Ddc  immune  induction  following  E.  coli 
or  S.  aureus  infection  (data  not  shown).  This  confirms  that  the  NFkB  site  is  not 
i  necessary  for  Ddc  immune  induction  in  larvae  and  adults.  However,  Ddc  could  be 
1  developmental^  regulated  by  Toll  signalling,  particularly  during  embryogenesis  when 
[Toll  signalling  is  very  important  for  embryonic  patterning  (64)  and  the  role  of  Ddc  is  not 
I  well  understood. 

Mutation  of  the  consensus  AP-1  site  eliminated  the  immune  induction  of  the  Ddc- 
!GFP  reporter  construct  (Figure  3.5B),  suggesting  that  a  transcription  factor  must  bind  this 
site  to  induce  Ddc  transcription.  Drosophila  AP-1  is  a  heterodimer  composed  of  one  Jun 
and  one  Fos  subunit  (65).  We  demonstrated  that  AP-1  could  bind  its  putative  site  within 

!.j 

the  Ddc  promoter  (Figure  3.7,  lanes  5  and  6),  but  not  a  mutated  site  (lanes  1 1  and  12), 

I 

'and  that  binding  could  be  eliminated  by  the  addition  of  a  specific  competitor  (lanes  7  and 
8).  AP-1  is  activated  by  phosphorylation  carried  out  by  JNK  (66).  Using  a  /is-Gal4 
driver,  we  induced  ectopic  expression  of  two  kinases  in  the  JNK  pathway,  HEP  and  BSK. 
Neither  these  nor  a  constitutively  active  form  of  HEP  ( VAS-hepACT)  caused  precocious 
induction  of  Ddc  transcription  in  the  absence  of  infection  (Figure  3.8A,B).  In  addition, 
induction  of  dominant  negative  forms  of  HEP  and  BSK  did  not  prevent  induction  of  Ddc 
transcription  following  infection  (Figure  3.8A,B).  Furthermore,  heat  shock  induction  of 
Fos  and  Jun  expression  did  not  activate  Ddc  transcription  and  expression  of  a  dominant 
(negative  form  of  Fos  or  Jun,  did  not  eliminate  Ddc  immune  induction  (Figure  3.8C,D). 
Most  importantly,  Takl  mutant  flies  induce  Ddc  transcription  normally  (Figure  3.9A). 
Taken  together,  these  results  suggest  that  the  JNK  pathway  is  not  responsible  for  Ddc 
transcriptional  induction.  Although  AP-1  can  bind  its  putative  binding  site  upstream  of 
Ddc  in  vitro ,  our  genetic  data  suggest  that  AP- 1  does  not  induce  Ddc  transcription  in  vivo. 
Therefore,  we  conclude  that  a  transcription  factor  other  than  AP-1  binds  to  this  site  to 
pctivate  Ddc  transcription. 
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We  have  provided  extensive  evidence  that  the  JNK  pathway  and  its  transcription 
factor  AP-1  are  not  involved  in  the  immune  induction  of  Ddc  transcription.  The  ERK 
pathway  has  been  implicated  in  the  induction  of  Ddc  in  the  embryonic  wound  response, 
and  treatment  with  a  universal  MAPK  inhibitor  reduces  Ddc  induction  (28),  suggesting 
that  a  MAPK  is  important  for  Ddc  transcription.  Ddc  was  immune  inducible  in  the 
hypomorphic  mutant  of  Drosophila  ERK,  rll  (Figure  3.9B),  suggesting  that  the  ERK 
pathway  is  not  responsible  for  Ddc  immune  induction.  However,  analysis  of  a  null  rl 
mutant  would  be  necessary  to  confirm  this  observation. 

The  p38  MAPK  pathway  has  been  implicated  in  attenuation  of  the  Drosophila 
immune  response  (29).  A  null  allele  of p38a ,  Mpk2],  did  not  affect  immune  induction  of 
Ddc  transcription.  No  mutant  for  p38b  has  been  identified,  but  Ddc  transcription  is 
induced  normally  in  two  lines  bearing  P-element  insertions  immediately  upstream  of  the 
p38b  gene.  However,  these  insertions  likely  do  not  eliminate  p38b  function,  and  the 
creation  of  a  null  allele  of  p38b  would  be  useful.  Interestingly,  the  only  mutant  we 
identified  that  affected  Ddc  transcriptional  induction  was  p38cKG05S34,  which  carries  a  P- 
element  insertion  in  the  coding  sequence  of  an  uncharacterised  member  of  the  p38 
MAPK  family,  p38c  (Figure  3.10A).  The p38c  gene  is  located  immediately  downstream 
of  p38a ,  and  likely  arose  by  gene  duplication  (60).  Four  ESTs  for  p38c  were  detected  in 
infected  larval  fat  body  cells  (62).  We  have  confirmed  that  this  gene  is  expressed  and 
that  transcription  of  p38c  is  lost  in p38cKG05834  (Figure  3.1  OB).  Furthermore,  the  lack  of 
p38c  expression  correlates  with  the  loss  of  Ddc  immune  induction  (Figure  3.10A).  This 
suggests  that  p38c  MAPK  has  a  functional  role  in  the  Drosophila  innate  immune 
response. 

The  identification  of  yet  another  signalling  pathway  that  participates  in  the 
immune  induction  of  gene  transcription,  points  to  the  evolutionary  significance  of  innate 
immunity.  The  p38c  MAPK  pathway  elicits  its  response  through  the  activation  of  an 
unknown  transcription  factor,  which  acts  through  the  conserved  AP-1  site  upstream  of  the 
Ddc  transcription  start  site.  Transcription  of  p38c  is  not  immune  inducible  (Figure 
3.10D),  suggesting  that  p38c  MAPK  is  post-transcriptionally  activated.  It  has  been 
suggested  that  p38c  cannot  be  activated  by  phosphorylation  by  a  MAPKK  due  to  the 
mutation  that  converts  the  TGY  dual  phosphorylation  motif  to  TDH  (61 ).  However,  a 
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clear  role  for  p38c  in  Ddc  immune  induction  has  been  demonstrated  although  the 
mechanism  of  p38c  activation  is  still  to  be  elucidated.  It  has  also  been  suggested  that  the 
amino  acid  substitutions  within  the  catalytic  domain  may  render  p38c  non-functional  as  a 
kinase  (61 ).  However,  further  work  is  required  to  ascertain  the  catalytic  activity  of  p38c 
and  to  delineate  the  other  components  of  the  p38c  signalling  pathway.  Further  analysis  of 
MAPKKKs,  MAPKKs  and  alternate  transcription  factors  is  essential  to  developing  an 
understanding  of  how  p38c  induces  Ddc  transcription. 

The  importance  of  DDC  to  neuronal  production  of  DA  is  well  established. 

During  development,  DDC  produces  the  DA  that  is  required  for  melanin  and  sclerotin 
production  (41,42).  Tanning  of  the  pupal  case  at  pupariation  and  the  hardening  and 
darkening  of  the  adult  cuticle  following  eclosion  are  the  most  obvious  manifestations  of 
dopamine  (DA)  metabolism.  Ddc  transcription  is  also  induced  in  the  Drosophila 
embryonic  wound  response,  at  the  wound  site,  to  produce  a  melanin  plug  (28).  Melanotic 
encapsulation  of  the  parasitic  wasp  egg  also  requires  DDC  (67).  In  addition  to  these  well 
established  roles  for  DDC,  here,  we  confirm  a  new  role  for  Ddc  in  the  Drosophila  innate 
immune  response  to  bacterial  infection.  Ddc  transcription  in  the  epidermis  will  increase 
the  production  of  DA.  The  DA  is  most  likely  metabolized  to  produce  reactive  quinones 
that  are  toxic  to  invading  bacteria.  Presumably,  DA  is  metabolized  by  the  enzymes 
responsible  for  the  production  of  sclerotin  since  no  melanin  deposits  are  evident  within 
the  epidermis.  Consistent  with  this  prediction,  the  gene,  black ,  whose  protein  product  is 
an  enzyme  involved  in  NBAD  synthesis  (68-70),  is  also  upregulated  in  the  Drosophila 
immune  response  (48).  Future  research  will  reveal  the  extent  of  the  antimicrobial  role  of 
quinone  production  in  the  innate  immune  response. 
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figure  3.1:  Immune  induction  of  Ddc  transcription  following  septic  injury.  Semi- 
uantitative  RT-PCR  was  carried  out  on  RNA  obtained  from  adult  flies  and  mid-third 
•5 star  larvae.  Gene-  specific  transcripts  in  this  and  subsequent  figures  were  separated  on 
2%  agarose  gel  and  are  shown  with  a  co-reversed  transcribed  and  PCR  amplified  RpL32 
!>ading  control.  Transcripts  from  organisms  septically  injured  with  E.  coli  (lane  4)  or  S. 
ureus  (lane  5)  are  compared  to  aseptically  injured  (lane  3)  or  uninjured  organisms  (lane 
).  In  this  and  subsequent  figures,  1  kb  Plus  DNA  ladder  (Invitrogen)  was  used  as  a  size 
:andard. 


— 


101 


P[Dc/c-GFP]PH 

P[Dc/t’-GFPJSH 

P[Dc/c-GFP]BII 

P[D</oGFP]EH 

P[Dc/c-GFP]PHABE 


aq  kj  ^ 


P[Dc/c-GFP]PHABE-l 
P[D</c-GFP]  PH  ABE-2 
P[Dc/oGFP]  PH  ABE-3 
P[Dc/c-GFP]PHmutAP- 1 
P[D£/c-GFP]PHmutNFKB 


gure  3.2:  Schematic  diagram  of  the  P[Z)<7c-GFP]  reporter  constructs  used  in  this  study, 
ie  epidermal-specific  splice  pattern  shown  above  the  line  is  situated  on  the  7.6  kb  Pstl 
striction  fragment  that  is  sufficient  for  proper  developmental  expression  of  Ddc.  The 
pond  exon  is  neural-specific.  The  sequence  that  drives  GFP  expression  is  depicted  in 
c  lines  above  and  below  the  diagram  of  the  Ddc  genomic  region.  Relevant  restrictions 
kyme  sites,  used  to  create  the  larger  deletions,  are  shown.  The  black  and  white  stars 

present  the  conserved  AP-1  and  NFkB  sites  respectively,  X’s  indicate  an  induced 

{ 

fetation.  The  P[Z)<7c-GFP]PHmutNFKB  contains  a  5  bp  mutation  in  the  putative  NFkB 
liding  site  and  the  P[A7c-GFP]PHmutAP-l  construct  contains  a  5  bp  mutation  in  the 
Native  AP-1  site. 
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Figure  3.3:  Ddc  transcription  is  induced  in  the  epidermis.  A.  Semi-quantitative  RT-PCR 
from  RNA  isolated  from  heads,  thorax  and  abdomens  of  uninjured,  aseptically  injured, 
and  septically  injured  adult  flies.  B.  RT-PCR  on  RNA  isolated  from  mid-third  instar 
domK08,ns  larvae  infected  with  E.  coli  or  S.  aureus.  C.  RT-PCR  on  RNA  isolated  from 


fat  body  and  epidermal  tissues  dissected  from  mid-third  instar  larvae  infected  with  E.  coli 
or  S.  aureus. 
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Figure  3.4:  Induction  of  Ddc  transcription  in  adults  septically  injured  with  live  (A)  or 
heat-killed  (B)  E.  coli  or  S.  aureus. 
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Figure  3.5:  Mapping  the  region  upstream  of  Ddc  that  is  required  for  immune 
deducibility.  Semi-quantitative  RT-PCR  of  Ddc-G FP  and  endogenous  Ddc  transcripts 
was  carried  out  on  RNA  isolated  from  adult  Hies  bearing  GFP  reporter  genes.  Ddc-G  FP 
or  Ddc  transcripts  were  co-reverse  transcribed  and  PCR  amplified  with  an  RpL32  loading 
control.  A.  Deletions  localizing  the  response  element  to  the  Bsm I  to  EcoK\  region 
(Figure  3.2).  B.  The  Bsm\  to  EcoR\  region  contains  a  conserved  AP-1  site  that  is 
necessary  for  immune  inducibility  of  Ddc. 
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J.  melanogaster 
d.  Simulans 
d.  sechellia 
b.  yakuba 
b.  erecta 
p.  ananassae 
b.  pseudoobscura 
b.  persimilis 
p.  willistoni 
p.  grimshawi 


tq-tttcqaqtqactcataat - tggGGGATTCCtgacg 

tg-tttcgagtgactcat gtt - ggGGGATTCCtg teg 

tq-tttcqaqtqactcatqat - ggGGGATTCCtg  teg 

tg-tttcgagtgactcat  gat - ggGGGATTCCcgacg 

tg-ttacgagtgactcatgat - ggGGGATTCCtgacg 

tg-gat  1 1 tgtgactcat gat - ggGGGATTCCtg - 

gq-tgt ga eg tgactca t  ga  c - g  g  GGGATTCC t  g - 

gg-tgt  gacgtgactcatgac - ggGGGATTCCtg - 

tgaccac t tgtgattcatcacc-tg-tgGGGATTCCt - 

tg-caaca  tgtgactcataagcgctgggGGAATTCTt - 


"igure  3.6:  Conserved  AP-1  and  NFkB  sites  lie  within  the  region  deleted  in  P [Ddc- 
}FP]BE-3.  Alignment  of  a  portion  of  the  Ddc  region  deleted  in  P[/>/c-GFP]BE-3  from 
0  different  Drosophila  species  reveals  a  conserved  AP-1  (underlined  and  bold)  and  a 
FkB  site  (capital  letters  and  bold)  embedded  in  a  less  conserved  area.  Deviations  from 
le  D.  melanogaster  sequence  are  italicized. 


106 


AJ  AJ 


Figure  3.7:  The  Jun/Fos  complex  binds  to  the  Ddc  AP-1  site  in  vitro.  An  electrophoretic 
nobility  shift  assay  using  recombinant  Drosophila  Jun  and  Fos  was  carried  out.  Lanes  1  - 
1  and  9-12  contain  wild-type  and  mutant  probe  respectively.  (See  the  Materials  and 
Uethods  for  probe  preparation).  Lanes  2  and  1 0  contain  probes  incubated  with  the 
(eticulocyte  lysate.  Jun  (lane  3)  or  Fos  (lane  4)  were  added  alone  or  in  varying  amounts 
ogether  (lanes  5,  6,  11  and  12).  Cold  competitor  was  added  to  the  reactions  shown  in 
ancs  7  and  8. 
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igure  3.8:  Immune  induction  of  Ddc  is  unaffected  in  uninjured  (control)  and  E.  coli 
ifected  flies  following  heat  shock  (HS)  (one  hour  heat  shock  followed  by  one  hour 
icovery)  or  left  untreated  (NHS).  A.  A  wild-type  HEP  (hs-G al4;  UAS -hep)  or  a 
institutively  active  form  of  HEP  (hs-G al4;  GAS-hepACT)  was  expressed;  B.  A  wild- 
Ipe  BSK  (As-Gal4;  GAS-bsk)  or  a  dominant  negative  form  of  BSK  (/2s-Gal4;  UAS- 
kDN)  was  expressed;  C  wild-type  Fos  (/zs-Gal4;  UAS -fos)  or  a  dominant  negative  form 
Fos  (As-Gal4;  GAS-fosDN)  was  expressed;  D.  wild-type  Jun  (/?5-Gal4;  UAS-y'2222)  or  a 
iminant  negative  form  of  Jun  (hs-Ga\4-junDN)  was  expressed.  S.  aureus  infection 
;mics  the  results  following  E.  coli  infection  (data  not  shown) 
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igure  3.9:  Immune  induction  of  Ddc  is  unaffected  in  a  JNK  loss  of  function  and  an  ERK 
j/pomorphic  mutant.  Ddc  RT-PCR  on  RNA  obtained  from  uninjured  and  septically 
ijured  A.  Takl  or  B.  rl 1  mutant  flies. 
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Figure  3.10:  p38c  MAPK  is  required  for  immune  induction  of  Ddc.  A.  Ddc  RT-PCR  on 
RNA  obtained  from  uninjured  and  infected  Mpk2l ,  p38bKG01337 ,  and  p38cKG0~834  adult 
tlies.  B.  p38a  transcript  analysis  in  Mpk2!  and p38cKGIb834  mutant  flies.  C.  p38c 
transcript  analysis  in  Mpk2'  and  p38cKG(b 834  mutant  flies.  D.  p38c  transcription  is  not 
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Genotype 

Source 

Use/nature  of  allele 

yw 

Bloomington  stock  #1495 

wild-type  control 

~1  KOdlUS 

clom 

Bloomington  stock  #10767 

P-element  insertion  in  dom , 
which  causes  loss  of 
haemocytes 

DdC1  cn/CyO 

Bloomington  stock  #3004 

temperature  sensitive  Ddc 
mutant 

Df(2L)130  pr  cn/CyO 

Bloomington  stock  #2349 

Deletion  removes  the  Ddc  gene 

rdo  hk  Ddcn/  pr  cn/CyO 

(52) 

Null  allele  of  Ddc 

Act5C- Gal4 

Bloomington  stock  #3954 

Actin  promoter  expressing  Gal4 

■yw;  P[A7c-RNAi]pWIZ 

This  study 

expression  of  a  Ddc  RNAi 
construct 

yw;  P[D<7c-RNAi]pSymp 

This  study 

expression  of  a  Ddc  RNAi 
construct 

w;/zs-Gal4 

Bloomington  stock  #1799 

heat  shock  promoter  expressing 
Gal4 

yw;  P[Z)<7c-GFP]PH 

(71) 

Ddc  reporter  construct  line 

yw;  P[ZWc-GFP]SH 

(71) 

Ddc  reporter  construct  line 

yw;  P[ZA/c-GFP]BH 

(71) 

Ddc  reporter  construct  line 

yw;  P[ZWe-GFP]EH 

(71) 

Ddc  reporter  construct  line 

yw;  P[ZA/c-GFP]PHABE 

This  study 

Ddc  reporter  construct  line 

yw;  P  [Ddc- 
GFP]PHABE1 

This  study 

Ddc  reporter  construct  line 

yw;  P  [Ddc- 
GFP]PHABE2 

This  study 

Ddc  reporter  construct  line 

yw;  P  [Ddc- 
GFPJPHABE3 

This  study 

Ddc  reporter  construct  line 

yw;  P  [Ddc- 
GFP]PHmutNFKB 

This  study 

Ddc  reporter  construct  line 

yw;  P  [Ddc- 
GFP]PHmutAP-l 

This  study 

Ddc  reporter  construct  line 

Act5C-Ga\4 

Bloomington  stock  #3954 

Actin  promoter  expressing  Gal4 

w;hs- Gal4 

Bloomington  stock  #1799 

heat  shock  expression  of  Gal4 

UAS -hep 

Bloomington  stock  #6406, 
#9307,  and  #9308 

expression  of  a  wild-type  HEP 

UAS -bsk 

Bloomington  stock  #6407 
and  #93 1 0 

expression  of  a  wild-type  BSK 

UAS -Jim 

Bloomington  stock  #7216 

expression  of  a  wild-type  Jun 

UAS  -fos 

Bloomington  stock  #7213 

expression  of  a  wild-type  Fos 

VAS-hepACT 

Bloomington  stock  #9305 
and  #9306 

expression  of  a  constitutively 
active  HEP 

UAS -bskDN 

Bloomington  stock  #6409 
and  #93 1 1 

expression  of  a  dominant 
negative  BSK 

UAS  -junDN 

Bloomington  stock  #72 1  7 

expression  of  a  dominant 

Ill 


and  #7218 

negative  Jun 

UAS -fosDN 

Bloomington  stock  #7214 
and  #7215 

expression  of  a  dominant 
negative  Fos 

yw;  Takl 

(14) 

IMD  and  JNK  pathway 
deficient 

•  ]  cK(.jl)tf()72 

yw;  ird5 

Bloomington  stock  #14684 

P-element  insertion  in  the  first 
exon  of  ird5 

.  irt) 02434 

yw;  ivd5 

Bloomington  stock  #19825 

P-element  insertion  in  the  first 
exon  of  ird5 

r>  lbYOXdfiJ 

yw;  Re I 

Bloomington  stock  #20016 

P-element  insertion  in  the  first 
exon  of  Rel 

mwh1  kni11'1  snk4  red'  e 

Tl 3  ca/Ms(3)  R24/TM3, 
Sb 

Bloomington  stock  #3338 

Balanced  gain  of  function  Tl 
mutant 

7T~ 

Bloomington  stock  #386 

spontaneous  hypomorphic 
mutation  in  ERK 

JfykF 

Bloomington  stock  #8822 

deletion  of p38a  MAPK  gene 

Bloomington  stock  #12905 

P-element  insertion  in  5’  region 
of  the  p38b  MAPK  gene 

~p38b^uun77 

Bloomington  stock  #14364 

P-element  insertion  in  5'  region 
of  the  p38b  MAPK  gene 

yW7pT8?aaar~ 

Bloomington  stock  #14126 

P-element  insertion  in  the 
coding  sequence  of  the  p38c 
MAPK  gene 

Table  3.1:  Fly  stocks  used  in  this  study.  Where  applicable,  the  source  of  the  stock  and 
the  nature  of  the  mutation  or  the  purpose  of  the  stock  are  given.  CyO  =  In  (2LR)0,  Cy 

i  hi  2 

dp  pr cn  . 
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Genotype 

infection 

hs? 

Percent  lethality  after: 

24  hours  48  hours  72  hours 

A  Ddc'5'  cn/ 

E.  coli 

no 

2  (1/50) 

6  (3/50) 

10(5/50) 

Ddc"7 

S.  aureus 

no 

10(6/60) 

71.7  (43/60) 

73.3  (44/60) 

Ddc,s-  or  Ddc"'/ 

E.  coli 

no 

3.3  (1/30) 

6.7  (2/30) 

6.7  (2/30) 

CyO 

S.  aureus 

no 

26.7  (8/30) 

80  (24/30) 

83.3  (25/30) 

B  DdclsIcn/ 

E.  coli 

no 

5  (1/20) 

10(2/20) 

15  (3/20) 

Df(2L)130 

S.  aureus 

no 

6.4  (2/31) 

58.1  (18/31) 

80.6  (25/31) 

Ddcls ~  or 

E.  coli 

no 

0  (0/30) 

3.3  (1/30) 

13.3  (4/30) 

Df(2L)130/CyO 

S.  aureus 

no 

13.3  (4/30) 

83.3  (25/30) 

90  (27/30) 

C  hs-Gal4; 

E.  coli 

no 

9.7(12/123) 

18.7  (23/123) 

15.4(19/123) 

Ddc- RNAi 

E.  coli 

yes 

3.3  (2/60) 

6.7  (4/60) 

13.3  (8/60) 

(pWIZ) 

S.  aureus 

no 

40.2  (41/102) 

86.3  (88/102) 

91.1  (93/102) 

S.  aureus 

yes 

30  (18/60) 

66.7  (40/60) 

86.7  (52/60) 

Table  3.2:  Reduction  of  DDC  activity  does  not  affect  survival  following  septic  injury. 
Survival  of  Ddc  mutant  flies  and  Ddc- RNAi  expressing  flies  after  infection  with  E.  coli 
or  S.  aureus  was  tracked  for  three  days.  A,  B.  Survival  of  the  straight-winged 
heteroallelic  Ddc  mutants  was  compared  to  the  curly-winged  wild-type  siblings  following 
septic  injury  with  E.  coli  or  S.  aureus.  C.  Survival  of  /zs-Gal4;  P[A7c-RNAi]pWIZ  flies 
following  heat  shock  (hs)  (1  hour  at  37°C,  1  hour  recovery)  and  no  heat  shock  (control) 
after  septic  injury  with  E.  coli  or  S.  aureus. 
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Chapter  4:  General  conclusions 

I  have  analyzed  the  regulation  of  tyrosine  hydroxylase  (TH)  and  Dopa 
decarboxylase  (DDC)  in  an  attempt  to  understand  how  systemic  signals  can  elicit  cell-, 
protein-,  and  gene-specific  effects.  I  have  divided  this  conclusion  into  two  parts;  the  first 
deals  with  hormonal  regulation  of  cuticular  tanning  following  eclosion,  the  second  deals 
with  immune  induction  of  Ddc  transcription. 

Part  1:  Hormonal  regulation  of  cuticular  tanning  following  eclosion 

To  understand  how  hormones  regulate  development,  I  examined  how  the  ecdysis 
neuropeptide  cascade  controlled  the  precise  timing  of  post-eclosion  developmental 
events.  This  project  was  inspired  by  the  observation  that  eclosion  hormone  (EH)  and 
crustacean  cardioactive  peptide  (CCAP)  genetic  ablation  cell  knock-outs  (EH-KO  and 
CCAP-KO  respectively)  have  the  same  adult  phenotype  as  bursicon  (burs)  and  rickets 
(rk)  mutants  (1-4).  Such  flies  fail  to  expand  their  cuticle  and  wings  post-eclosion,  and 
exhibit  delays  in  cuticular  tanning.  Tanning  is  a  convenient  visible  cue  of  post-eclosion 
development  that  requires  metabolites  of  dopamine  (DA)  (5),  which  is  produced  by  the 
actions  of  TH,  encoded  by  pale  (pie)  (6),  and  DDC,  encoded  by  Ddc  (7,8).  The  delay  in 
tanning  in  EH-KO,  CCAP-KO,  burs  and  rk  flies  suggested  that  the  ecdysis  neuropeptide 
cascade  somehow  regulated  the  production  of  DA. 

Three  observations  provided  support  for  this  hypothesis: 

1 .  Flies  neck-ligated  at  eclosion  fail  to  tan  whereas  those  ligated  30  minutes  after 
eclosion  tan  normally  (9).  This  suggests  that  a  neuropeptide  is  released  immediately  after 
eclosion  that  triggers  the  precise  onset  of  tanning.  Consistent  with  this  prediction, 
Bursicon  has  long  been  known  as  the  post-eclosion  hormone  required  for  tanning  (10). 
This  suggests  that  Bursicon  may  regulate  one  of  the  enzymes  required  for  DA  production. 

2.  Injection  of  8-Br-cAMP  rescues  the  tanning  defect  in  rk  mutants  and  flies 
neck-ligated  at  eclosion  (4,1 1).  Both  CCAP  and  Bursicon/RK  signalling  activate 
adenylyl  cyclase,  which  causes  a  corresponding  increase  in  cAMP  (12,13).  This  suggests 
that  either  CCAP  or  Bursicon  may  regulate  tanning  through  an  increase  in  cAMP. 
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3.  The  major  contributor  to  Drosophila  TH  activation  is  protein  kinase  A  (PKA), 
which  phosphorylates  Ser32  (14).  PKA  is  activated  by  an  increase  in  cAMP.  Since  both 
CCAP  and  Bursicon  signalling  cause  an  increase  in  cAMP  levels,  either  hormone  may 
cause  activation  of  TH  to  induce  tanning  post  eclosion. 

To  determine  how  the  ecdysis  neuropeptide  cascade  controlled  tanning,  I 
undertook  experiments  that  examined  the  transcription  of  pie  and  Ddc,  and  the  protein, 
phosphorylation  and  activity  levels  of  TH. 

The  results  of  these  experiments  led  to  several  conclusions: 

1 .  Transcription  of  pie  and  Ddc  does  not  regulate  the  precise  onset  of  post- 
eclosion  tanning.  Transcripts  for  pie  accumulate  prior  to  eclosion,  and  remain  high  until 
long  after  post-eclosion  tanning  has  occurred.  Ddc  transcripts  accumulate  early  and  their 
levels  begin  to  drop  before  eclosion. 

2.  CCAP  regulates  the  translation  of  TH  through  an  increase  in  cAMP.  Levels  of 
TH  protein  and  activity  rise  prior  to  eclosion,  when  TH  activity  is  necessary  for 
pigmentation  of  the  pharate  adult  bristles  and  epidermis.  Levels  drop  prior  to  eclosion 
and  rise  thereafter.  Since  pie  transcripts  are  present  during  the  entire  period  of  TH 
protein  and  activity  fluctuation  at  eclosion,  translational  control  must  be  exerted  on  the 
pie  transcripts.  TH  protein  begins  to  accumulate  within  1  hour,  and  is  transiently 
activated  by  phosphorylation  from  1.5  to  3  hours  after  eclosion,  corresponding  to  the  time 
when  tanning  occurs.  Neck-ligation  of  flies  at  eclosion  blocks  phosphorylation,  but  not 
accumulation  of  TH.  Therefore,  a  factor  released  before  eclosion  likely  regulates 
translation  of  TH.  A  role  for  CCAP  in  the  control  of  TH  translation  was  inferred  from 
the  observation  that  CCAP-KO  flies  completely  fail  to  accumulate  TH  after  eclosion  and 
that  translation  of  TH  is  restored  in  CCAP-KO  flies  by  injection  of  either  CCAP  or  8-Br- 
cAMP. 

3.  Bursicon/RK  signalling  controls  the  precise  onset  of  tanning  by  causing  the 
activation,  by  phosphorylation,  of  TH.  Flies  neck-ligated  30  minutes  after  eclosion 
phosphorylate  TH  normally,  suggesting  that  a  neuropeptide  that  is  released  after  eclosion 
regulates  phosphorylation.  Since  Ser32  phosphorylation  is  absent  in  burs  mutants  and 
reduced  in  rk  mutants,  Bursicon  appears  to  be  the  neuropeptide  responsible.  This  was 
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confirmed  by  the  fact  that  injection  of  8-Br-cAMP  restored  phosphorylation  in  burs  and 
rk  mutants  as  well  as  those  that  were  neck-ligated  at  eclosion. 

The  data  presented  here  demonstrate  that  tanning  is  regulated  at  a  variety  of 
levels.  The  first  involves  the  transcription  of  pie  and  Ddc ,  since  without  accumulation  of 
these  transcripts,  tanning  would  not  occur.  However,  the  precise  onset  of  tanning 
following  eclosion  is  regulated  by  the  ecdysis  neuropeptide  cascade.  First,  CCAP  release 
triggers  the  translation  of  TH,  causing  accumulation  of  TH  in  a  timely  fashion, 
immediately  after  eclosion.  Then,  after  eclosion,  Bursicon  signalling,  through  RK, 
causes  the  phosphorylation  and  activation  of  TH  that  causes  the  peak  of  activity  that  is 
required  for  the  rapid  tanning  of  the  adult  cuticle. 

Two  questions  arise  from  these  data: 

1 .  How  is  transcription  of  pie  and  Ddc  regulated  during  metamorphosis? 

Research  has  identified  1 7  Broad  (BR)  binding  sites,  representing  all  four 
isoforms  (Z1 -Z4)  (15),  within  the  first  intron  of  Ddc  (16).  Using  Ddc- LacZ  reporter 
constructs,  it  was  demonstrated  that  this  intronic  sequence  is  required  for  Ddc 
transcription  in  pharate  adults  (17).  There  are  4  isoforms  of  BR  (15),  of  which  one,  BR- 
Z2,  is  responsible  for  Ddc  transcriptional  induction,  along  with  ecdysone,  at  pupariation 
(1 7,1 8).  Inconsistent  results  with  fly  lines  bearing  un-insulated  Ddc- LacZ  reporter 
constructs  (19)  prompted  creation  of  a  similar  set  of  insulated  Ddc-G FP  constructs. 

These  constructs  contain  ~2.6  kb  of  sequence  upstream  of  the  Ddc  transcription  start  site. 
The  3  ’  end  of  these  constructs  either  terminates  in  the  first  exon  of  Ddc  or  at  the  end  of 
the  first  intron.  Semi-quantitative  RT-PCR  has  confirmed  that  the  first  intron  is  required 
for  pharate  adult  transcription  of  Ddc  (data  not  shown),  since  deletion  of  this  sequence 
completely  eliminates  Ddc-G  FP  expression.  This  suggests  that  the  ecdysone  response 
element  (EcRE)  upstream  of  the  Ddc  transcription  start  site  is  insufficient  for 
transcriptional  induction  in  pharate  adults. 

I  have  also  created  three  Ddc-G  FP  constructs  that  each  contain  a  deletion  of  a 
different  third  of  the  intron.  Induction  of  reporter  gene  transcription  occurs  normally  in 
pharate  adults  missing  the  first  third  of  the  intron.  This  suggests  that  this  sequence  is 
dispensable  for  Ddc  transcription  in  pharate  adults.  Unfortunately,  I  was  unable  to  obtain 
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transgenic  flies  bearing  the  other  two  constructs.  These  flies  are  essential  to 
understanding  how  Ddc  transcription  is  controlled  in  pharate  adults,  and  efforts  should  be 
undertaken  to  obtain  these  transgenic  organisms. 

The  mechanism  of  epidermal  pie  transcriptional  regulation  is  completely 
unknown.  To  understand  how  it  is  transcriptionally  regulated,  I  would  create  a  series  of 
pie- GFP  reporter  constructs  to  define  the  sequence  elements  within  the  promoter  and  the 
intron  that  are  required.  Alignment  programs  (20)  and  transcription  factor  databases  (21) 
will  aide  in  helping  to  identify  the  transcription  factors  that  are  involved.  Since  Ddc 
transcription  is  regulated  by  both  ecdysone  and  BR  (17,18),  and  pie  is  expressed  in  the 
same  tissues  as  Ddc ,  it  would  not  be  surprising  if  pie  was  regulated  in  the  same  manner. 

Analysis  of  the  temporal  expression  patterns  of  the  BR  isoforms  suggests  that  the 
Z1  isoform  is  the  best  candidate  for  the  regulator  of  transcription  in  pharate  adults 
(22,23).  Since  no  BR  mutants  survive  until  eclosion  (15),  RNAi  is  the  best  technique  to 
use  to  determine  which  isoform  may  act  to  activate  pie  or  Ddc  transcription  in  pharate 
adults  (24).  Furthermore,  all  ecdysone  receptor  (EcR)  mutants  die  before  pharate  adults 
express  pie  or  Ddc  (25).  A  dominant  negative  form  of  EcR  can  be  expressed  in  pharate 
adults  to  eliminate  EcR  signalling  (26).  Heat  shock  induced  replacement  of  specific 
isoforms  and  tracking  of  pie  or  Ddc  transcription  would  allow  us  to  determine  which 
isoform  of  EcR  was  responsible  for  pie  transcriptional  induction. 

2.  How  is  TH  translation  regulated? 

In  Drosophila,  translational  regulation  most  often  occurs  by  microRNA  (miRNA) 
acting  through  multiple  binding  sites  in  the  3’  untranslated  region  (UTR)  of  transcripts 
(27).  Three  miRNAs  are  predicted  to  regulate  TH  translation  in  Drosophila  (28).  These 
miRNAs  include  let-7,  which  has  2  putative  binding  sites,  and  mir-iab-4-3p  and  mir-iab- 
4-5p,  which  have  one  potential  site  each  within  the  3’  untranslated  of  the  pie  transcript.  It 
is  conceivable  that  one  or  more  of  these  miRNAs  causes  repression  of  TH  translation 
prior  to  eclosion,  through  a  miRNA-mediated  mechanism. 

To  determine  if  this  is  the  case,  I  would  use  a  ple-Ga\4  (29)  to  drive  the 
expression  of  a  reporter  gene  containing  the  pie  3’  UTR.  Attaching  the  3’  UTR  of  pie  to 
a  UAS  driven  reporter  gene,  such  as  GFP,  will  allow  determination  of  the  role  of  each 
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miRNA  in  repression  of  TH  translation.  Using  site-directed  mutagenesis,  I  could  mutate 
the  putative  miRNA  binding  sites  and  track  reporter  gene  expression  at  eclosion  in  flies 
bearing  these  constructs.  Furthermore,  ectopic  expression  of  the  individual  miRNAs  will 
allow  for  confirmation  of  their  repressive  effects. 

RNA  binding  proteins  are  also  required  for  proper  association  of  mRNA  with  the 
RISC  complex.  Once  such  RNA  binding  protein,  fragile  X  mental  retardation  protein  1 
(FMR1)  has  been  proposed  to  regulate  translation  through  an  RNAi-dependent 
mechanism  by  interacting  with  the  RISC  and  using  an  associated  miRNA  to  identify 
translational  targets  (27).  Interestingly,  Drosophila  frnrl  mutants  have  increased  DA 
synthesis  in  the  brain  compared  to  wild-type  flies  (30).  This  is  caused  by  increased 
expression  of  two  enzymes,  phenylalanine  hydroxylase,  and  GTP  cyclohydrolase. 
Phenylalanine  hydroxylase  (See  Appendix  1)  converts  phenylalanine  to  tyrosine  and  an 
overproduction  of  this  enzyme  provides  more  substrate  to  TH  that  causes  a  corresponding 
increase  in  the  amount  of  DA  produced.  An  increase  in  the  amount  of  GTP 
cyclohydrolase,  which  is  responsible  for  production  of  the  essential  TFI  cofactor, 
tetrahydrobiopterin,  will  cause  an  increase  in  the  activity  of  TH.  As  FMR1  appears  to  be 
involved  in  the  regulation  of  two  enzymes  required  for  DA  synthesis,  it  is  plausible  that  it 
also  plays  a  role  in  the  translational  control  of  TH.  Interestingly,  the  ability  of  the  human 
homolog  of  FMR1  to  bind  mRNA  and  repress  translation  is  reduced  by  phosphorylation 
by  PKA,  in  vitro  (31).  Thus,  CCAP  may  act  through  cAMP  to  activate  PKA,  which  can 
then  relieve  translation  repression. 

To  determine  if  FMR1  plays  a  role  in  TH  translational  repression,  I  would  first 
need  to  analyse  TH  activity  in  the  fmrl  mutants.  I  would  also  have  to  determine  if fmrl 
is  expressed  in  the  epidermis.  If fmrl  is  expressed  in  the  epidermis  and  TH  activity  is 
increased  in  fmrl  mutants,  I  could  then  characterize  the  ability  of  FMR1  to  bind  the  3’ 
UTR  of  pie  mRNA.  To  do  this,  I  would  immunoprecipitate  FMR1  from  crude  extracts  of 
organisms  immediately  prior  to  eclosion,  and  detect  pie  transcripts  by  RT-PCR.  I  could 
also  analyse  the  ability  of  FMR1  to  bind  pie  transcripts  in  CCAP-KO  flies  and  CCAP-KO 
flies  injected  with  8-Br-cAMP  using  this  method.  Presumably,  FMR1  would 
continuously  be  bound  to  pie  transcripts  in  CCAP-KO  flies,  and  injection  of  8-Br-cAMP 
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should  relieve  this  constitutive  repression.  Furthermore,  ectopic  expression  oi  fmrl  at 
eclosion  should  delay  TH  accumulation  following  eclosion. 

Part  2:  Induction  of  Ddc  transcription  in  the  innate  immune  response 

This  project  was  inspired  by  microarray  studies  that  had  identified  Ddc  as  an 
immune  response  gene  (32-34).  Although  Ddc  had  been  implicated  in  the  embryonic 
wound  response  (35)  and  the  cellular  response  to  parasitic  wasp  infestation  (36),  a  role 
for  Ddc  in  the  immune  response  to  bacterial  infection  had  not  previously  been  shown. 

To  determine  if  Ddc  was,  in  fact,  induced  in  the  immune  response,  I  septically 
injured  third  instar  larvae  and  adult  flies  and  analysed  Ddc  expression  by  quantitative  RT- 
PCR.  I  confirmed  that  Ddc  transcription  was  induced  following  bacterial  infection. 
Transcriptional  induction  is  transient,  appearing  two  hours  after  septic  injury  and 
remaining  high  for  9  hours  after  infection  with  gram  negative  bacteria,  and  for  36  hours 
after  gram  positive  infection.  Subsequently,  I  undertook  several  experiments  to 
characterize  the  temporal  and  spatial  expression  of  Ddc  in  the  immune  response. 

From  these  experiments,  several  conclusions  can  be  made: 

1 .  A  conserved  AP-1  binding  site  upstream  of  the  Ddc  transcription  start  site  is 
required  for  induction  of  Ddc  following  bacterial  infection.  AP-1  can  bind  this  site  in 
vitro ,  but  ectopic  expression  of  JNK  pathway  components  had  no  effect  on  immune 
induction  of  Ddc.  Furthermore,  Takl  mutants,  which  fail  to  activate  the  immune  Imd  or 
JNK  signalling  pathways  (37,38),  induce  Ddc  transcription  normally.  The  data  suggest 
that  the  JNK  pathway,  through  AP-1,  plays  no  role  in  Ddc  transcriptional  induction  in 
vivo. 

2.  A  conserved  NFkB  site  is  also  located  upstream  of  Ddc ,  but  is  dispensable  for 
its  immune  induction.  Mutations  in  Toll  and  Imd  pathway  components  do  not  affect  Ddc 
induction  following  infection.  Therefore,  Toll  and  Imd  signalling  play  no  role  in  the 
induction  of  Ddc  transcription  in  the  innate  immune  response. 

3.  Flies  bearing  a  mutation  in  p38a  or  p38b  induced  Ddc  transcription  normally. 
Therefore  these  mitogen-activated  protein  kinases  (MAPKs)  have  no  role  in  Ddc  immune 
induction.  However,  the  p38cKG05854  flies  failed  to  induce  Ddc  transcription  following 
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septic  injury,  therefore  the  p38c  MAPK  pathway  is  responsible  for  induction  of  Ddc  in 
the  Drosophila  immune  response. 

These  results  demonstrate  a  new  role  for  Ddc  in  the  Drosophila  innate  immune 
response.  They  show,  for  the  first  time,  that  the  epidermis  elicits  a  systemic  response  to 
septic  injury.  Furthermore,  a  new  pathway  in  the  immune  defence  repertoire  of 
Drosophila  has  been  identified.  Ddc  is  likely  induced  in  the  epidermis  to  increase  the 
amount  of  DA,  which  is  then  converted,  by  sclerotin  processing  enzymes,  to  cytotoxic 
reactive  quinones  that  have  an  antimicrobial  effect  on  invading  bacteria. 

Based  on  these  results,  several  questions  remain  unanswered: 

1 .  How  is  the  p38c  signal  transduced? 

The  other  p38  MAPKs,  p38a  and  p38b,  are  both  activated  by  the  MAPK  kinase 
(MAPKK),  Licome  (Lie)  (39,40).  The  MAPKK  kinase  (MAPKKK),  MEKK1,  is 
responsible  for  activation  of  Lie  (40,41).  Mutations  in  these  kinases  are  homozygous 
lethal,  and  therefore,  RNAi  is  the  best  mechanism  to  induce  stage-specific  knock-down  of 
gene  expression.  Using  this  technique,  I  could  deduce  whether  these  kinases  are 
important  for  p38c  signalling  and  Ddc  immune  induction.  A  critical  question  is  the 
identity  of  the  transcription  factor  (TF)  that  acts  through  the  AP-1  binding  site  I  have 
shown  is  necessary  for  immune  induction  of  Ddc.  One  TF,  called  activating  transcription 
factor  2  (ATF2),  has  been  shown  to  be  activated  by  p38  MAPK  signalling  (42). 
Unfortunately,  a  mutant  is  not  available;  however,  RNAi  would  facilitate  characterization 
of  a  role  for  ATF2  in  Ddc  immune  induction. 

While  it  is  possible  that  the  previously  identified  members  of  the  p38a  and  p38b 
MAPK  families  may  transduce  the  p38c  signal,  the  possibility  also  exists  that  novel 
MAPKKKs,  MAPKKs,  and  TFs  are  involved.  Identification  of  a  putative  MAPKK  in  the 
p38c  MAPK  pathway  may  aide  in  the  understanding  of  how  p38c  is  activated.  This  is 
particularly  important  given  that  the  TGY  dual  phosphorylation  motif  has  mutated  to 
TDH  in  p38c  (43).  In  addition,  identification  of  potential  TFs  will  add  to  our 
understanding  of  how  p38c  induces  Ddc  transcription.  Following  identification  of 
putative  TFs,  I  could  characterize  their  ability  to  bind  to  Ddc  and  activate  transcription. 
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To  identify  unique  components  of  the  p38c  signalling  cascade,  I  would  employ 
the  homologous  RNAi  library  (44)  to  screen  for  modifiers  of  Ddc  reporter  gene  induction 
in  S2  cell  culture.  Optimization  of  a  reporter  gene  would  be  essential.  This  may  entail 
cloning  the  Ddc  regulatory  region  upstream  of  the  hsp70  promoter  to  encourage  higher 
basal  expression  of  the  gene.  Double  stranded  RNAs  that  eliminate  Ddc  reporter  gene 
immune  induction  represent  activators  of  p38c  signalling  and  could  be  further 
characterized.  Likewise,  precocious  reporter  gene  expression  could  be  induced  when 
RNAi  eliminates  a  pathway  repressor.  Using  this  scheme,  one  might  identify  signalling 
components  upstream  and  downstream  of  p38c  in  the  pathway.  Thus,  this  scheme  should 
allow  dissection  of  the  entire  p38c  MAPK  pathway,  including  MAPKKKs,  MAPKKs, 
and  TFs. 

2.  What  other  genes  are  transcriptionally  activated  by  p38c? 

Since  p38c  induces  the  transcription  of  one  gene  responsible  for  the  production  of 
melanin  and  sclerotin  in  the  Drosophila  epidermis,  it  is  possible  it  also  induces  the 
transcription  of  the  other  enzymes  (32-34)  that  were  identified  to  be  immune  inducible. 
Genome  wide  microarray  analysis  would  be  the  most  effective  way  to  identify  additional 
p38c  response  genes.  This  would  involve  comparing  transcriptional  induction  of 
uninfected  and  infected  wild-type  and  mutant  flies.  The  genes  that  are  induced  following 
infection,  in  the  wild-type,  but  not  the p38c  mutant  flies,  could  be  further  characterized. 
Analysis  of  the  promoter  sequence  of  the  p38c  response  genes  will  aide  in  the 
identification  of  putative  p38c-activated  TFs.  Furthermore,  identification  of  putative 
p38c  response  genes  would  provide  potential  alternative  genes  to  use  in  the  S2  cell  RNAi 
screen  outlined  in  the  previous  section  if  I  was  unable  to  optimize  a  Ddc  reporter  gene 
system. 

3.  Does  p38c  have  kinase  activity? 

Since  two  amino  acid  substitutions  in  the  catalytic  domain  have  been  proposed  to 
eliminate  the  catalytic  ability  of  this  enzyme,  determining  whether  it  has  kinase  activity  is 
essential.  To  do  this,  I  would  first  purify  p38c  by  in  vitro  expression.  Then  I  would 
analyze  its  ability  to  phosphorylate  the  purified  TFs  that  were  identified  in  the  RNAi  cell 
culture  screen  described  above. 
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Appendix  1:  The  regulation  of  tanning  at  pupariation 

Cuticular  tanning  requires  metabolites  of  dopamine  (DA)  (1).  The  first  step  in  the 
synthesis  of  DA  is  the  rate  limiting  conversion  of  tyrosine  (Tyr)  to 
dihydroxyphenylalanine  (Dopa)  by  tyrosine  hydroxylase  (TH),  which  is  encoded  by  the 
pale  (pie )  locus  (2-4).  The  conversion  of  Dopa  to  DA  is  then  catalyzed  by  Dopa 
decarboxylase  (DDC)  (encoded  by  Ddc)  (5).  In  order  for  rapid  tanning  of  the  puparium 
to  occur,  large  amounts  of  Tyr  are  required  for  DA  synthesis.  Tyr  is  a  relatively  insoluble 
compound  and  is  stored  as  a  more  soluble  derivative,  tyrosine-O-phosphate  (Tyr-P)  late 
in  the  third  larval  instar  (6).  Tyr-P  levels  increase  in  third  instar  larvae  to  a  maximum 
just  prior  to  puparium  formation.  This  is  the  only  time  that  Tyr-P  accumulates;  no 
appreciable  accumulation  of  Tyr  occurs  prior  to  eclosion  (6,7).  At  pupariation,  Tyr-P 
levels  drop  rapidly,  with  a  corresponding  increase  in  organic  phosphate. 

Tryptophan  and  phenylalanine  hydroxylase  (TPH),  encoded  by  henna  ( hn ),  is  a 
dual  function  enzyme  with  both  tryptophan  hydroxylase  and  phenylalanine  hydroxylase 
(PAH)  activity  (8).  It  can  convert  tryptophan  to  5-hydroxytryptophan,  the  precursor  for 
serotonin  synthesis,  and  phenylalanine  to  Tyr.  This  increases  the  amount  of  substrate 
available  to  TH  for  DA  production.  The  PAH  activity  of  TPH  is  likely  central  to  the 
accumulation  of  large  amounts  of  Tyr,  in  the  form  of  Tyr-P,  prior  to  pupariation.  In  fact, 
PAH  activity  increases  throughout  the  third  instar  to  a  maximum  at  pupariation,  and 
rapidly  drops  following  puparium  formation  (7). 

Both  ecdysone,  bound  to  its  receptor,  and  the  Broad  (BR)  Z2  isoform  are  required 
to  bind  regulatory  sequences  upstream  of  Ddc  for  proper  expression  at  pupariation  (9,10). 
Unfortunately,  very  little  is  known  about  the  exact  temporal  expression  of  pie  and  hn  at 
this  time.  To  determine  the  precise  timing  of  pie,  Ddc,  and  hn  transcription  during  the 
third  instar,  organisms  were  collected  at  the  2-3  moult  and  staged  every  6  hours  until 
puparium  formation.  Quantitative  RT-PCR  of  both  pie  (Figure  A1 . 1 )  and  Ddc  (Figure 
A  1.2)  epidermal  transcripts  reveals  a  small  peak  in  transcription  at  the  2-3  moult,  which 
drops  to  undetectable  levels  within  6  hours.  Transcript  levels  of  both  genes  remain  low 
until  they  rise  3  hours  prior  to  pupariation,  which  occurs  approximately  63  hours  after  the 
2-3  moult  under  our  growth  conditions.  The  rise  in  Ddc  and  pie  transcription  corresponds 
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to  the  onset  of  wandering  behaviour.  Levels  of  both  transcripts  reach  a  maximum  at 
puparium  formation.  This  suggests  that  both  pie  and  Ddc  transcripts  accumulate,  and  are 
translated  immediately,  to  produce  the  enzymes  that  are  critical  to  the  production  of  DA 
from  Tyr  for  the  tanning  of  the  pupal  case. 

Tyr-P  accumulates  in  the  late  third  instar,  suggesting  that  storage  of  Tyr  as  Tyr-P 
may  be  essential  for  the  rapid  synthesis  of  DA  at  pupariation  (6).  In  order  for  storage  of 
Tyr-P  to  occur,  large  amounts  of  Tyr  need  to  be  produced.  Thus,  it  was  not  surprising 
when  I  found  that  hn  transcript  levels,  which  have  a  small  peak  at  the  2-3  molt,  return  to 
basal  levels  within  6  hours  and  then  rise  dramatically  1 5  hours  before  puparium 
formation  (Figure  A1 .3).  Levels  remain  high  until  3  hours  prior  to  pupariation,  after 
which  they  decline  rapidly,  reaching  basal  levels  by  puparium  formation. 

The  early  accumulation  of  hn  transcripts,  followed  by  a  decline  before  pupariation 
(Figure  A1 .3),  suggests  that  PAH  activity  is  needed  prior  to  pupariation  to  produce  the 
Tyr  that  can  then  be  converted  to  Tyr-P  and  stored.  Tyr-P  must  be  dephosphorylated  to 
release  the  Tyr  that  is  used  for  cuticular  tanning.  A  phosphatase,  capable  of  converting 
Tyr-P  to  Tyr,  has  been  isolated  from  late  third  instar  larvae  (11).  Furthermore,  an 
epidermally  expressed  alkaline  phosphatase  (APH),  that  only  accumulates  during  the  late 
third  instar,  has  been  identified  in  Drosophila  (12).  While  the  exact  relationship  between 
these  two  phosphatases  is  unknown,  it  is  likely  that  they  are  the  same  enzyme.  Four 
different  Aph  genes,  named  Aph-l  through  Aph  A,  are  encoded  in  the  Drosophila  genome 
(13-16).  Based  on  enzyme  electrophoretic  variants,  APH-1  was  shown  to  be  epidermally 
expressed  in  late  third  instar  larvae  and  early  pupae,  and  is  therefore  the  best  candidate 
for  the  APH  that  dephosphorylates  Tyr-P  (12,13,15).  In  addition,  in  vitro  enzyme  assays 
showed  that  Tyr-P  was  the  best  substrate  for  APH-1  (17,1 8).  Thus,  it  is  possible  that  Tyr 
is  released  from  Tyr-P  for  tanning  of  the  puparium  through  the  actions  of  APH-1 . 

I  have  shown  that  the  precise  onset  of  post-eclosion  cuticular  tanning  is  regulated 
by  the  ecdysis  neuropeptide  cascade  (See  Chapter  2).  This  cascade  does  not  play  a  role  in 
regulation  of  tanning  of  the  puparium,  since  these  neuropeptides  are  not  released  until 
pupation,  a  full  12  hours  after  pupariation.  Furthermore,  unlike  at  eclosion,  TH  is  not 
phosphorylated  in  white  pre-pupae  (data  not  shown),  suggesting  that  activational 
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regulation  of  TH  does  not  control  the  rapid  tanning  that  occurs  at  pupariation.  This 
suggests  that  DA  synthesis  at  pupariation  may  be  controlled  by  substrate  availability 
rather  than  the  translation  and  activation  of  TH  that  regulates  adult  cuticular  tanning. 
Specifically,  it  appears  that  activation  of  APH-1,  which  leads  to  dephosphorylation  of 
Tyr-P,  may  control  DA  synthesis  at  pupariation. 

ThzAph-X  gene  is  uncharacterized,  although  the  gene  has  been  mapped 
cytologically  to  between  75C1  and  85 A6  on  chromosome  3L  (13).  A  BLAST  search 
using  the  protein  sequence  of  the  only  characterized  Drosophila  APH,  APH-4  (14), 
located  only  on eAph  gene  in  this  region,  at  78D2.  This  gene  is  predicted  to  contain  four 
exons  (Figure  A1.4).  A  P-element  insertion  line  (UM-8375-3)  bearing  a  P{RS3}  (19,20) 
element  in  the  first  intron  of  the  putative  Aph-1  gene  was  obtained  from  Szeged  Stock 
center.  Homozygous  UM-8375-3  flies  are  viable,  with  no  obvious  developmental 
defects,  suggesting  that  this  intronic  insertion  does  not  affect  APH-1  function.  I  predicted 
that  Aph-1  null  mutants  would  be  late  larval  or  early  pupal  lethal,  since  the  inability  to 
release  Tyr  from  Tyr-P  would  cause  a  failure  to  tan  the  pupal  case.  However,  functional 
redundancy  in  the  Aph  gene  family  could  thwart  my  attempts  to  obtain  an  Aph-1  mutant. 
Nevertheless,  I  set  out  to  obtain  an  imprecise  excision  of  the  P-element,  I  was  hoping  to 
remove  part  of  the  Aph-1  coding  region  and  none  of  the  sequence  of  the  upstream  or 
downstream  genes  and  thereby  produce  a  recessive  lethal  mutant.  Since  P{RS3}  contains 
a  mini -white+  gene,  I  identified  putative  P-element  excision  mutants  based  on  the 
presence  of  white  eyes.  I  obtained  136  independent  P-element  excision  lines,  which  I 
screened  to  determine  if  there  was  an  excision  of  the  P{RS3}  element.  I  undertook  a 
PCR  based  screen  on  isolated  genomic  DNA  using  primers  anchored  upstream  and 
downstream  of  the  P-element  insertion  site  (Figure  A1 .4).  Of  the  136  excision  mutants, 
122  generated  the  -120  bp  wild-type  PCR  product.  Of  these  lines,  three  were 
homozygous  lethal  (Aph-13 ,  Aph-125 ,  and  Aph-178)  (Figure  A1 .5).  The  fact  that  the  wild- 
type  band  was  the  only  band  produced  in  these  three  lines  suggests  that  the  non-balancer 
chromosome  contained  a  deletion  of  the  Aph-1  region.  These  lines  were  retained  for 
further  analysis.  The  119  homozygous  lines  that  generated  a  wild-type  PCR  product  (See 
Figure  5,  Aph-178  and  Aph l1 17  for  an  example)  were  discarded,  since  they  contained  a 
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precise  excision,  which  would  not  disrupt  APH-1  function.  The  remaining  14  lines  did 
not  have  a  wild-type  copy  of  Aph-1  (Figure  A1 .5).  Of  these,  nine  lines  ( Aph-1 6 ,  Aph-17 ', 
Aph-15',  Aph-14',  Aph-149,  Aph-154,  Aph-170,  Aph-180  and  Aph-1 wo)  generated  PCR 
products  that  were  larger  than  the  wild-type  band,  indicating  that  these  lines  likely 
contained  imprecisely  excised  P-elements  that  retained  some  of  the  P{RS3}  sequence,  or 
exogenous  DNA  that  had  been  introduced  due  to  repair  from  non-homologous  template 
DNA.  Since  the  P-element  excisions  were  identified  by  reversion  of  the  white+ 
phenotype,  presumably  the  mini -white+  gene  was  deleted  or  mutated  in  these  lines. 
However,  the  sequence  within  each  insertion  was  not  determined.  Southern  analysis 
(performed  by  Lisa  Chisholm-Dumesnil)  confirmed  that  the  nine  lines  contained  an 
insertion  in  the  Aph-1  gene  (data  not  shown).  The  final  five  lines  (Aph-155,  Aph-157 ',  Aph- 
l94,  Aph-196,  and  Aph-1124)  did  not  generate  a  PCR  product  (Figure  A1 .5),  suggesting  that 
either  the  primer  sites  were  missing  or  a  product  could  not  be  formed,  possibly  due  to  a 
large  insertion.  The  latter  appears  to  be  true,  since  Southern  analysis  (performed  by  Lisa 
Chisholm-Dumesnil)  (data  not  shown)  revealed  that  these  lines  contained  large  insertions 
in  the  intron  of  Aph-1.  Presumably,  I  failed  to  obtain  a  PCR  product  in  these  lines  due  to 
the  restrictions  of  the  PCR  program.  Consistent  with  this  prediction,  I  was  unable  to 
amplify  the  region  that  contained  the  P-element  insertion  in  UM-8375-3  flies  (Figure 
A1.5). 

Since  all  of  the  homozygous  viable  lines  tanned  their  puparium  normally,  we 
focused  on  characterizing  the  putative  deletion  mutants,  Aph-13 ,  Aph-125,  and  Aph-178, 
that  were  homozygous  lethal.  Southern  analysis  (performed  by  Sandra  O’Keefe)  (data 
not  shown)  revealed  that  Aph-1 3  had  a  deletion  extending  into  the  downstream  gene, 
CG5664  (Figure  A1 .4),  so  this  line  was  discarded.  It  appears  that  both  the  upstream  and 
downstream  genes  are  intact  in  Aph-125  and  Aph-178  (data  not  shown).  Efforts  are 
currently  underway  to  clone  and  sequence  the  Aph-1  region  from  these  flies  to  determine 
the  exact  limits  of  the  deletions.  Following  confirmation  of  a  deletion  in  Aph-1,  the 
mutant  will  be  characterized.  As  a  first  step,  Tyr-P  production  in  the  crude  extracts  from 
the  heterozygotes  bearing  one  chromosome  with  an  Aph-1  deletion  could  be  compared  to 
that  in  extracts  from  wild-type  organisms. 
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Figure  Al.l:  Quantitative  RT-PCR  of  pie  transcripts  during  the  third  instar.  The  pie 
transcripts  are  shown  with  an  RpL32  loading  control.  The  time  listed  is  the  time  after  the 
2-3  moult;  white  pre-pupae  is  abbreviated  as  WPP  in  this  and  subsequent  figures.  Bands 
from  at  least  three  different  extracts  for  each  time  point  were  quantified  and  averaged, 
and  expressed  as  a  percent  of  the  RpL32  band  to  produce  the  graphs.  Error  bars  in  this 
and  subsequent  figures  show  standard  error  of  the  mean. 
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Figure  A  1.2:  Quantitative  RT-PCR  of  Ddc  transcripts  during  the  third  instar.  The  Ddc 
transcripts  are  shown  with  an  RpL32  loading  control.  The  time  listed  is  the  time  after  the 
2-3  moult.  Bands  from  at  least  five  different  extracts  for  each  time  point  were  quantified 
and  averaged,  and  expressed  as  a  percent  of  the  RpL32  band  to  produce  the  graphs. 
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Figure  A  1.3:  Quantitative  RT-PCR  of  hn  transcripts  during  the  third  instar.  The  hn 
transcripts  are  shown  with  an  RpL32  loading  control.  The  time  listed  is  the  time  after  the 
2-3  moult.  Bands  from  at  least  four  different  extracts  for  each  time  point  were  quantified 
and  averaged,  and  expressed  as  a  percent  of  the  RpL32  band  to  produce  the  graphs. 
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Figure  A1.4:  Schematic  diagram  of  the  putative  Aph-1  gene  region.  The  4  exons  are 
shown  (grey  boxes).  The  coding  sequence  is  shown  in  black.  The  X  is  the  site  of  the  P- 
element  insertion  in  UM-8375-3.  The  PCR  primers  used  in  the  PCR  screen,  APH-2F  and 
APH-2R  (See  Appendix  2),  flank  this  insertion  site.  Aph-1  is  sandwiched  between  two 
closely  linked  genes,  Syx-7  and  CG5664.  The  direction  of  transcription  of  these  genes  is 
shown.  The  lines  below  the  gene  region  represent  the  sequence  used  to  make  the  probes 
use  for  Southern  analysis.  The  restriction  enzyme  digestion  sites  used  in  Southern 
analysis  are  shown  (E:  E’coRV;  X:  Xbal;  S:  Smal ;  N:  NruY). 
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Figure  A1.5:  PCR  analysis  of  19  (of  136)  putative  Aph- 1  imprecise  excision  mutants. 
The  wild-type  PCR  product  is  generated  from  DNA  obtained  fromyw  control  flies 
amplified  with  primers  flanking  the  P-element  insertion  site.  This  product  is  also  seen  in 
Aph-1 3,  Aph- 125,  and  Aph-178,  which  are  balanced  lines  that  contain  one  wild-type  copy 
of  Aph-1  on  the  balancer  TM6,  Ubx  chromosome,  and  Aph-1 98 and  Aph-1117 ,  which  were 
eliminated  from  further  analysis.  Aph-16,  Aph-17 ,  Aph-131 ,  Aph-141 ,  Aph-1 49 ,  Aph-154, 
Aph-170,  Aph-1 80  and  Aph-1 100  all  appear  to  have  an  insertion  in  the  first  intron  of  Aph-1. 
No  product  was  obtained  from  UM-8375-3,  ox  Aph-155,  Aph-157,  Aph-194,  Aph-196,  and 
Aph-1124  (compare  to  negative  control  lane).  The  smeared  band  apparent  in  these  lanes 
can  be  attributed  to  primer  dimers. 
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Appendix  2:  Materials  and  Methods 

Fly  stocks  and  crosses  (Chapter  2,  3  and  Appendix  1) 

The  stocks  used  in  this  study,  their  source,  and  their  purpose  are  shown  in  Table 
A2.1 .  All  stocks  were  maintained  on  a  standard  commeal/mol asses  medium  at  25°C  in  a 
12  hour  light-dark  cycle,  unless  otherwise  indicated.  The  mutation  contained  in  the 
burs 21091  allele  causes  a  cysteine82  to  tyrosine  conversion  and  the  bursZ5569  mutation 
results  in  a  conversion  of  glycinel  15  to  cysteine  (1).  The  mutations  in  rk1  and  rk4  flies 
introduce  a  premature  stop  codon  in  the  transmembrane  domain  of  this  receptor  (2).  To 
obtain  EH-KO  flies,  we  crossed  w  UAS-rpr  female  virgins  to  EH-Gal4  males.  CCAP- 
KO  flies  have  severe  defects  at  the  larval  and  pupal  ecdyses,  rarely  yielding  viable  adult 
flies.  In  order  to  obtain  a  sufficient  number  of  viable  CCAP-KO  adult  flies  for  analysis, 
we  crossed  yw;  CCAP-Gal4  females  to  w;  UAS-rpr  males.  In  each  experiment,  yw  flies 
were  used  as  a  wild-type  control.  To  obtain  Ddcts2  cn/  rdo  hkDdcn7  pr  cn  and 
Ddcts2 cn/Df(2L)  1 30  pr  cn  flies,  Ddcts2  cn/  CyO  female  virgins  were  crossed  to  rdo  hk 
Ddcn7 pr  cn/CyO  or  Df(2L)130 pr  cn/CyO  males,  respectively.  The  progeny  were  raised 
at  the  1 8°C  permissive  temperature.  Mutants  were  identified  by  their  wild-type  wings. 


and  were  separated  from  their  curly-winged  wild-type  siblings,  and  transferred  to  the 

25°C  restrictive  temperature  for  four  days  prior  to  infection. 

To  obtain  the  imprecise 

P-element  excision  mutants  in  Aph-1  the  following 

crosses  were  made: 

w;  Aph-1UM-8375-3  ?s 

X 

1 

X 

1 

X 

w/Y;  Sb  e  A2-3/TM6,  Ubx  e  gs 

yw;  PSal89D,  Sb/TM6,  Ubx  $s 

w/Y ;  Aph-1UM'8375'3/Sb  e  A 2-3  gs  (red  eyed) 

yw;  PSal89D,  Sb/TM6,  Ubx  $s 

ywl Y;  Aph-7  */TM6,  Ubx  gs 

(*  indicates  a  P-element  excision,  identified 

1 

by  the  presence  of  white  eyes) 

yw;  Aph-1  */TM6,  Ubx  ?s 

X 

1 

y  w/Y ;  Aph-1  */TM6,  Ubx  Ss 

Homozygous  or  balanced  stock 
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Neck  ligations  and  CCAP  and  8-Br-cAMP  injections  (Chapter  2) 

Pupae  were  obtained  from  the  side  of  a  bottle  and  those  that  were  within  6  hours 
of  eclosion,  according  to  previously  defined  cues  (3),  were  mounted  on  double-sided  tape 
on  a  slide,  and  the  operculum  was  removed.  As  each  fly  emerged  from  the  pupal  case,  it 
was  immobilized  on  an  ice-cooled  Petri  dish  and  was  neck-ligated  using  a  strand  of  hair. 
When  injected,  approximately  300  nL  of  0.1  mM  CCAP  (Bachem)  or  0.1  M  8-Br-cAMP 
(Sigma)  was  delivered  into  the  thorax  through  a  fine  glass  capillary  needle.  Flies  were 
kept  in  a  humidified  chamber  until  2.5  hours  after  eclosion  and  frozen  at  -80°C  for 
subsequent  analysis. 

Infection  of  organisms  (Chapter  3) 

All  larvae  that  were  infected  were  in  the  mid-third  instar,  during  which  time  no 
epidermal  Ddc  transcription  is  detectible  (See  Appendix  1).  Adults  that  were  infected 
were  between  4  and  6  days  old,  a  time  when  epidermal  Ddc  transcripts  are  at  minimal 
levels  (See  Chapter  2).  At  least  10  adults  and  30  larvae  of  each  genotype  were  septically 
injured  with  a  sharpened  tungsten  needle  that  was  dipped  into  the  pellet  obtained  from  a 
saturated  culture  of  E.  coli  DH5a  or  S.  aureus  ATCC  653 8-P.  For  heat  shock 
experiments,  organisms  were  incubated  for  1  hour  at  37°C,  and  allowed  to  recover  at 
room  temperature  for  1  hour  before  being  septically  injured.  Adults  were  injured  by 
poking  in  the  thorax  immediately  below  the  wing,  and  larvae  were  wounded  in  the 
posterior  end.  Adults  were  allowed  to  recover  in  a  vial  containing  standard  Drosophila 
medium  and  larvae  recovered  on  a  piece  of  sterile  water-soaked  Whatmann  paper  in  a 
petri  dish  to  prevent  dessication  after  injury.  With  the  exception  of  the  time  course 
shown  in  Figure  3.4,  organisms  were  allowed  to  recover  for  4  to  6  hours  following 
infection.  Only  the  organisms  that  were  alive  at  harvesting  were  frozen  for  subsequent 
use. 

RNA  manipulations  and  RT-PCR  (Chapters  2,  3  and  Appendix  1) 

RNA  was  extracted  from  pools  of  organisms  using  TRIzol,  treated  with 
amplification  grade  DNasel,  and  reverse  transcribed  using  Superscript  II  according  to  the 
manufacturer’s  instructions  (Invitrogen).  Table  A2.2  shows  the  sequence  of  all  of  each 
primer  used  in  these  experiments.  Synthesis  of  the  Ddc,ple,p38c,  Ddc-G FP,  and  hn 
specific  cDNAs  was  initiated  using  the  DDC1,  PLE1,  p38c-l,  GFP1,  and  HN1  primers, 
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respectively,  on  150  ng  of  isolated  RNA.  First  strand  reactions  were  co-reverse 
transcribed  with  RPL32-1,  a  primer  specific  for  the  ribosomal  gene  RpL32 ,  which  served 
as  a  loading  control.  A  3  pL  aliquot  of  the  resulting  cDNA  mixture  was  combined  either 
with  pie  specific  forward  and  reverse  primers  (PLE-F  and  PLE-R)  or  hn  specific  forward 
and  reverse  primers  (HN-F  and  HN-R)  and  amplified  for  5  cycles  or  with  Ddc  specific 
forward  and  reverse  primers  (DDC-F  and  DDC-R)  or  Ddc-G FP  forward  and  reverse 
primers  (DDC-F  and  GFP-R)  and  amplified  for  3  cycles  or  p38c  forward  and  reverse 
primers  (p38c-2F  and  p38c-2R)  and  amplified  for  6  cycles.  The  program  was  then 
stopped,  RpL32  gene  specific  primers  (RPL32-F  and  RPL32-R)  were  added,  and  the 
program  was  allowed  to  continue  for  23  more  cycles.  After  an  initial  denaturing  step  of  2 
minutes,  the  final  PCR  conditions  for  pie  and  hn  consisted  of  28  cycles  of  95°C  for  1 
minute,  60°C  for  1  minute  and  73°C  for  1  minute.  The  conditions  were  the  same  for 
Ddc ,  except  the  reaction  ran  for  a  total  of  26  cycles. 

Under  these  conditions,  the  amount  of  each  product  was  proportional  to  input 
RNA  concentration  (Figure  A2.1).  Using  1 50  ng  of  input  RNA,  the  amount  of  Ddc  and 
Ddc-G  FP  product  was  proportional  to  number  of  cycles  for  24-27  cycles,  the  amount  of 
pie  and  hn  product  was  proportional  to  the  number  of  cycles  for  26-29  cycles,  the  amount 
of  RpL32  product  was  proportional  to  the  number  of  cycles  for  22-25  cycles,  and  the 
amount  of  p38c  product  was  proportional  to  the  number  of  cycles  for  27-30  cycles.  The 
amount  of  DNA  present  in  each  band  was  quantified  using  Image  J  (4). 

For  non-quantitative  RT-PCR  (Figure  3.10B,C)  on  the p38a  and p38c  transcripts, 
greater  than  1  pg  of  total  RNA  was  reversed  transcribed  using  Superscript  II  Reverse 
transcriptase  (Invitrogen)  using  the  primers  p38a-R  and  p38c-l,  respectively.  The  cDNA 
was  then  used  as  a  template  for  a  PCR  reaction  using  the  p38a-F  and  p38a-R  primer  pair 
for  p38a ,  and  the  p38c-2F  and  p38c-2R  primer  pair  for  p38c.  The  final  PCR  reaction 
was:  30  cycles  of:  95°C  for  1  minute,  60°C  for  1  minute,  and  73°C  for  1  minute. 

Western  blots  (Chapter  2) 

Organisms  were  macerated  in  running  buffer  (0.125  M  Tris-HCl  pH  6.8,  12.5% 
glycerol,  2.5%  SDS,  1.25%  (3-mercaptoethanol,  and  0.025%  bromophenol  blue),  boiled 
for  10  minutes,  and  0.5  (TH  detection),  1  (phospho-Ser32  TH  detection),  or  0.25  (actin 
detection)  organism  equivalents  were  loaded  and  separated  on  8%  denaturing  acrylamide 
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gels.  Proteins  were  transferred  to  a  nitrocellulose  membrane  (Amersham  Biosciences 
Hybond-ECL).  Membranes  were  blocked  for  1  hour  in  Tris-buffered  saline  with  0.1% 
Tween  (TBS-T)  +1%  skim  milk  powder.  Membranes  were  then  incubated  with  either 
rabbit  anti-TH  antibody  (1:3000  dilution,  3  hours  at  room  temperature  (RT)),  rabbit  anti- 
phospho-TH  (Ser40)  (1 :2000  dilution,  overnight  at  4°C),  or  mouse  anti-actin  (1 : 10000 
dilution,  1  hour  at  RT).  The  rabbit  anti-TH  antibody  was  a  gift  from  Wendy 
Neckameyer,  the  rabbit  anti-phospho-TH  (Ser40)  antibody  was  purchased  from  Zymed 
Laboratories,  and  the  mouse  anti-actin  ( j  LA-20)  antibody  developed  by  Jim  Jung-Ching 
Lin  was  obtained  from  the  Developmental  Studies  Hybridoma  Bank  developed  under  the 
auspices  of  the  NICHD  and  maintained  by  The  University  of  Iowa,  Department  of 
Biological  Sciences.  The  membranes  were  then  washed  with  TBS-T  and  incubated  with 
either  a  goat  anti-rabbit  IgG  (H  +  L)-HRP  Conjugate  (Bio  Rad)  or  an  ECL  anti-rabbit  IgG 
HR}5 -linked  species-specific  whole  antibody  (from  donkey)  (Amersham  Biosciences),  or 
a  goat  anti -mouse  IgG  (H+L)-HRP  conjugate  (Invitrogen)  (1:1000  dilution,  1  hour  at 
RT).  Membranes  were  then  washed  with  TBS-T  and  developed  using  Supersignal  West 
Pico  Chemiluminescent  Substrate  (Pierce)  according  to  manufacturer’s  instructions. 
Tyrosine  hydroxylase  activity  assays  (Chapter  2) 

Except  where  indicated,  all  reagents  were  obtained  from  Sigma.  Pools  of 
organisms  were  macerated  in  IX  phosphate  buffered  saline  containing  IX  Complete, 
Mini,  EDTA-free  Protease  Inhibitor  Cocktail  (Roche)  (25  pL  per  organism).  The  extract 
was  cleared  by  centrifugation,  and  a  25  jiL  aliquot  of  the  supernatant  was  added  to  the 
reaction  mixture  (50  mM  PIPES,  pH  8.0,  25  pM  L-tyrosine,  5  mM  DTT,  10  pM 
Fe(NH4)2(S04)2,  40  pg/ml  catalase  and  1  pCi  L-[3,5  'HJ- tyrosine  (Amersham),  in  a  total 
volume  of  49  pL.  The  reaction  mixture  was  equilibrated  to  27°C  for  3  minutes,  and  then 
1  pL  of  100  pM  tc ixahyd rob i opteri n  or  H;;0  (for  blanks)  was  added  to  start  the  reaction. 
The  reaction  was  incubated  at  27°C  for  15  minutes.  Residual  L-[3,5]3H-tyrosine  was 
removed  with  500  pL  of  7.5%  activated  charcoal  in  1M  HC1.  100  pL  of  the  supernatant 
was  combined  with  1 0  mL  of  scintillation  fiuor  and  counted  for  1  minute. 
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Plasmid  construction  and  the  creation  of  transgenic  lines  (Chapters  2,  3  and 
Appendix  1) 

The  P-element  plasmids  P[D</oGFP]PH,  P[D«ic-GFP]SH,  P[ZM>GFP]BH,  and 
P[Tk/c-GFP]EH  (Figure  1)  have  been  described  elsewhere  (5).  The  P[Z)dc]PHABE, 
P[£><fc]PHABEl,  P[£kfc]PHABE2,  P[D<fc]PHABE3,  P[DJc]PHmutNFKB,  and 
P[A7c]PHmutAP-l  in  pBluescript  SK(+)  constructs  were  all  created  by  inverse  PCR 
using  phosphorylated  primer  pairs  (See  Table  A2.2)  ABE3-F  and  ABE1-R,  ABE1-F  and 
ABE1-R,  ABE2-F  and  ABE2-R,  ABE3-F  and  ABE3-R,  NFkB-F  and  NFkB-R,  and  AP1-F 
and  AP1-R  respectively,  on  PH  in  pBluescriptSK(+).  The  resulting  products  were  gel 
purified,  and  intramolecularly  ligated  to  create  the  respective  plasmids.  The  breakpoints 
of  the  deletions  and  site-specific  mutations  were  all  confirmed  by  sequencing.  The  Ddc 
region  contained  within  each  plasmid  was  then  liberated  by  digestion  with  BamRl  and 
Kpnl  and  cloned  into  similarly  digested  pGreen  Pelican  (6)  to  create  P [Ddc- 
GFP]PHABE,  P[£k/c-GFP]BE-l,  P[Ddc-GFP]BE-2,  P[£k/c-GFP]BE-3,  P [Ddc- 
GFP]mutNFicB,  and  P[D<7c-GFP]mutAP-l. 

To  create  the  P[D<7c-RNAi]pSymp  and  P[Z)t/c-RNAi]pWIZ  constructs,  a  490  base 
pair  region  of  the  Ddc  coding  sequence  within  the  4th  exon  was  amplified  with  the  DDC- 
NotlF  and  DDC-TVo/IR  and  DDC-XbalF  and  DDC-AMR  primer  pairs.  The  DDC-7VM 
primers  add  Notl  sites  to  facilitate  cloning  into  pSymp  (7),  and  the  DDC -Xbal  primers 
add  Xbal  sites  to  facilitate  cloning  into  pWIZ  (8).  Both  pSymp  and  pWIZ  express  the 
cloned  region  under  the  control  of  a  UAS  promoter,  facilitating  Gal4  induction  of  the 
transgene.  The  PCR  fragments  were  gel  purified  and  cloned  into  pGemT-easy  (Promega) 
to  create  Ddc-Notl  in  pGemT-easy  and  Ddc-Xbal  in  pGemT-easy.  The  Ddc  fragment 
was  then  liberated  from  Ddc-Notl  in  pGemT-easy  by  Notl  digestion  and  cloned  into 
similarly  digested  pSymp  to  create  P[Ddc-RNAi]pSymp.  To  create  P[/)<7oRNAi]pWIZ, 
the  Xbal  fragment  from  Ddc-Xbal  in  pGemT-easy  was  first  cloned  into  the  Avrll  site  of 
pWIZ,  and  then  cloned  into  the  Ndel  site  of  the  resulting  plasmid.  Both  plasmids  were 
sequenced  to  confirm  the  orientation  of  the  Ddc  fragment  inserted  into  each  site. 

DNA  solutions  (0.4  pg/pL  DNA  in  0.5X  phosphate  buffered  saline  and  10%  glycerol) 
containing  transgenic  constructs  were  injected  into  embryos  of  the  genotype:  w;  SbA2- 
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3/TM6,  Ubx.  Surviving  adults  were  crossed  to  yw  flies  and  progeny  with  the  w+ 
phenotype  were  collected  and  mated  to  produce  homozygous  or  balanced  stocks. 

To  create  the  plasmids  that  were  used  for  Southern  probe  preparation  (Appendix 
1),  genomic  DNA  was  isolated  (9)  from  yw  control  flies  and  was  first  amplified  with 
Platinum  Taq  DNA  Polymerase  High  Fidelity  (Invitrogen).  The  region  upstream  of  Aph- 
1  (3995  bp),  the  Aph-1  region  (2053  bp),  and  the  region  downstream  of  Aph-1  (3907  bp) 
were  amplified  with  the  APH-US-F  and  APH-US-R,  the  APH-1F  and  APH-1R,  and  the 
APH-DS-F  and  APH-DS-R  primer  pairs,  respectively.  The  PCR  products  were  gel 
purified  and  cloned  into  pGem-T-easy  (Promega).  The  insert  sequence  was  confirmed  by 
sequencing. 

Production  of  recombinant  proteins  (Chapter  3) 

The  dFRA  (Drosophila  fos)  and  dJRA  (Drosophila  jun)  in  pRluescript  KS(+) 
constructs  were  a  generous  gift  from  Robert  Tjian.  These  plasmids  were  used  as 
templates  for  in  vitro  transcription  and  translation  using  the  TNT  T3  Coupled 
Reticulocyte  Lysate  System  (Promega)  according  to  the  manufacturer’s  instructions. 
Electrophoretic  Mobility  Shift  Assays  (Chapter  3) 

Mobility  shift  assays  were  carried  out  using  a  26  base  pair  double-stranded 
oligonucleotide  probe  with  a  2  base  pair  extension.  The  28  base  single-stranded 
oligonucleotides  were  individually  end-labelled  with  y-32P-ATP  using  T4  kinase 
(Invitrogen)  according  to  the  manufacturer’s  instructions,  and  annealed.  The  wild-type 
probe  was  obtained  by  annealing  the  primer  pair  API -A  and  AP1-B  (the  putative  A  P-1 
site  is  underlined  and  bold  in  Table  A2.2),  and  the  probe  containing  the  mutated  AP-1  site 
(mutated  bases  are  uppercase)  was  obtained  by  annealing  AP1M-A  and  AP1M-B. 

The  recombinant  proteins  or  reticulocyte  lysate  mix  were  incubated  in  binding 
buffer  (20  mM  Hepes-KOH  pH  7.9,  50  mM  KC1,  4  mM  MgCl2,  4  mM  spermidine,  0.2 
mM  EDTA,  0.5  mM  DTT,  0.05%  NP-40  and  20%  glycerol)  in  the  presence  of  2  pg  of  the 
non-specific  competitor  poly(dl-dC)  (Amersham)  and  specific  cold  competitor,  where 
applicable,  for  5  minutes  at  room  temperature.  Two  ng  of  radiolabelled  probe  was  added 
to  the  reaction  and  allowed  to  bind  at  room  temperature  for  1 5  minutes.  Binding 
mixtures  were  fractionated  on  a  6%  polyacrylamide  gel  in  0.5X  TBE  running  buffer  and 
the  products  were  visualized  by  autoradiography. 
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PCR  screening  of  putative  P-element  excision  lines  (Appendix  1) 

PCR  screening  was  carried  out  on  isolated  genomic  DNA  (9)  and  amplified  using 
APH-2F  and  APH-2R,  which  are  anchored  on  either  side  of  the  P-element  insertion. 
Lines  that  generated  the  ~  1 00  bp  wild-type  product,  representing  a  precise  excision,  were 
eliminated  from  further  analysis. 

Southern  Analysis  (Appendix  1) 

Genomic  DNA  was  extracted  (9)  from  the  putative  Aph-1  mutant  lines,  and  three 
sets  of  double  digests  were  done:  1 .  EcoRV  and  Xbal;  2.  Smal  and  A  pal:  and  Nrul  and 
Xhal.  Ten  pg  of  DNA,  per  lane,  were  run  on  a  1%  agarose  gel  and  transferred  overnight 
by  capillary  action  to  a  Biodyne  B  nylon  membrane  (Pall).  Using  the  plasmids  described 
above  as  template,  the  DECAprime  Kit  (Ambion)  was  employed  to  make  32P-labelled 
dCTP  probes  according  to  manufacturer’s  instructions,  for  either  the  upstream,  Aph-1 ,  or 
downstream  region.  Prehybridization  and  hybridization  were  carried  out  at  65 °C  in 
Church’s  Buffer  (1  mM  EDTA,  0.5  M  NaPCL  pH  7.2,  7%  SDS)  with  sheared  salmon 
sperm  DNA.  The  membrane  was  then  washed  once  with  2X  SSC,  0.5%  SDS  at  room 
temperature,  twice  with  0.2X  SSC,  0.1%  SDS  at  room  temperature  and  twice  with  0.1X, 
0.1  %  SDS  at  65 °C‘.  Bands  were  then  visualized  by  autoradiography  and  sized  using  a 
standard  curve  made  with  a  1  kb  Plus  DNA  ladder  (Invitrogen). 
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Figure  A2.1:  PCR  product  accumulation  is  proportional  to  amount  of  input  RNA.  A. 
Dfifospecific;  B.  RpL3 2 -specific;  C.  AioGFP-specific;  and  D./G5c-specific  semi- 
quantitative  RT-PCR  with  75,  150,  and  300  ng  of  input  RNA. 
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Genotype 

Source 

Use/nature  of  allele 

yw 

Bloomington  stock  #1495 

wild-type  control 

EH-Gal4 

Bloomington  stock  #6301 

Gal4  expression  in  EH  neurons 

CCAP-Gal4 

Douglas  Allen 

Gal4  expression  in  CCAP  neurons 

w  UAS -rpr 

Bloomington  stock  #5823 

expression  of  rpr 

w;  UAS -rpr 

Bloomington  stock  #5824 

expression  of  rpr 

~b^m‘ 

Susan  McNabb 

hypomorphic  mutation  in  burs 

~T  2J559 

burs 

Susan  McNabb 

hypomorphic  mutation  in  burs 

rk4 

Bloomington  stock  #3590 

null  mutation  in  rk 

rk1 

Bloomington  stock  #3589 

null  mutation  in  rk 

~domKwm 

Bloomington  stock  #10767 

P-element  insertion  in  dom ,  which 
causes  loss  of  haemocytes 

Wc"  cn/CyO 

Bloomington  stock  #3004 

temperature  sensitive  Ddc  mutant 

Df(2L)130  pr  cn/CyO 

Bloomington  stock  #2349 

Deletion  removes  the  Ddc  gene 

rdo  hkDdcn/ pr 

cn/CyO 

(10) 

Null  allele  of  Ddc 

Act5C-G  al4 

Bloomington  stock  #3954 

Actin  promoter  expressing  Gal4 

yw;  P  [Ddc- 
RNAi]pWIZ 

This  study 

Ddc  RNAi  construct 

yw;  P  [Ddc- 
RNAiJpSymp 

This  study 

Ddc  RNAi  construct 

w;hs-G  al4 

Bloomington  stock  #1799 

heat  shock  promoter  expressing 

Gal4 

yw;  P[Z)<ioGFP]PH 

(5) 

Ddc  reporter  construct  bearing  line 

yw;  P[ZWc-GFP]SH 

(5) 

Ddc  reporter  construct  bearing  line 

yw;  P[£Wc-GFP]BH 

(5) 

Ddc  reporter  construct  bearing  line 

yw;  ?[Ddc-G¥?]EU 

(5) 

Ddc  reporter  construct  bearing  line 

yw;  P  [Ddc- 
GFP]PHABE 

This  study 

Ddc  reporter  construct  bearing  line 

yw;  P  [Ddc- 
GFP]PHABE1 

This  study 

Ddc  reporter  construct  bearing  line 

yw;  P  [Ddc- 
GFP]PHABE2 

This  study 

Ddc  reporter  construct  bearing  line 

yw;  P  [Ddc- 
GFP]PHABE3 

This  study 

Ddc  reporter  construct  bearing  line 

yw;  P  [Ddc- 
GFP]PHmutNFKB 

This  study 

Ddc  reporter  construct  bearing  line 

yw;  P  \Ddc- 
GFPJPHmutAP- 1 

This  study 

Ddc  reporter  construct  bearing  line 

Act5C-  Gal4 

Bloomington  stock  #3954 

Actin  promoter  expressing  Gal4 

w;hs-G  al4 

Bloomington  stock  #1799 

heat  shock  promoter  expressing 

Gal4 

UAS-Aep 

Bloomington  stock  #6406, 
#9307,  and  #9308 

expression  of  a  wild-type  HEP 
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UAS -bsk 

Bloomington  stock  #6407 
and  #93 1 0 

expression  of  a  wild-type  BSK 

UAS-jun 

Bloomington  stock  #7216 

expression  of  a  wild-type  Jun 

UAS/as 

Bloomington  stock  #7213 

expression  of  a  wild-type  Fos 

VAS-hepACT 

Bloomington  stock  #9305 
and  #9306 

expression  of  a  constitutively 
active  HEP 

VAS-bskDN 

Bloomington  stock  #6409 
and  #93 1 1 

expression  of  a  dominant  negative 
BSK 

UAS  -junDN 

Bloomington  stock  #7217 
and  #7218 

expression  of  a  dominant  negative 
Jun 

VAS-fosDN 

Bloomington  stock  #7214 
and  #7215 

expression  of  a  dominant  negative 
Fos 

yw;  Takl 

Edan  Foley 

Imd  and  JNK  pathway  deficient 

~y^M5Kum77~ 

Bloomington  stock  #14684 

P-element  insertion  in  the  first 
exon  of  ird5 

~yw; 

Bloomington  stock  #19825 

P-element  insertion  in  the  first 
exon  of  ird5 

D  jEY  08061 

yw;  Rel 

Bloomington  stock  #20016 

P-element  insertion  in  the  first 
exon  of  Rel 

mwh 1  km1'1  snk4  red 1 
e  Tl3  ca/Ms(3) 
R24/TM3,  Sb 

Bloomington  stock  #3338 

Balanced  gain  of  function  Tl 
mutant 

rl 1 

Bloomington  stock  #386 

spontaneous  hypomorphic 
mutation  in  ERK 

Mpk2' 

Bloomington  stock  #8822 

deletion  of  p38a  MAPK  gene 

~p38bm!777r~ 

Bloomington  stock  #12905 

P-element  insertion  in  5’  region  of 
the  p38b  MAPK  gene 

~p38bKum3J7 

Bloomington  stock  #14364 

P-element  insertion  in  5’  region  of 
the  p38b  MAPK  gene 

Bloomington  stock  #14126 

P-element  insertion  in  the  coding 
sequence  of  the  p38c  MAPK  gene 

^~Aph- 1™™37™ 

Szeged  stock  #UM-8375-3 

P-element  insertion  in  the  first 
intron  of  the  Aph-1  gene 

w/Y;  Sb  e  A2-3/TM6, 
Ubx  e 

James  MacLagan 

Source  of  constitutive  transposase 
expression 

yw;  PSal89D, 

Sb/TM6,  Ubx 

John  Locke 

Source  of  the  balancer 
chromosome  TM6,  Ubx 

Table  A2.1:  Fly  stocks  used  in  this  thesis.  Where  applicable,  the  source  of  the  stock  and 
the  nature  of  the  mutation  or  the  purpose  of  the  stock  are  given.  CyO  =  In  (2LR)0,  Cy 
dplvI  pr  cn 
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Primer  name 

Sequence  (5’-3’) 

Orientation 

PLE-1 

cgggctcgtacttggtcatc 

Reverse 

PLE-F 

tccctccgagcaagatgtgg 

Forward 

PLE-R 

accacggagccttgacattc 

Reverse 

DDC-1 

aatcgctcactcagcatgt 

Reverse 

DDC-F 

gccaagcgcacagcaatcag 

Forward 

DDC-R 

atgactcgctcgatgtcctg 

Reverse 

RPL32-1 

cttcttgagacgcaggcga 

Reverse 

RPL32-F 

agcatacaggcccaagatcg 

Forward 

RPL32-R 

agtaaacgcgggttctgcat 

Reverse 

GFP-1 

tgtggcggatcttgaagttc 

Reverse 

GFP-2R 

ggcgcgggtcttgtagttgc 

Reverse 

ABE1-F 

tagccgagccgatataccca 

Forward 

ABE1-R 

aagtattctccgcttatagg 

Reverse 

ABE2-F 

cccgctcaaaaggctcaacc 

Forward 

ABE2-R 

tgggtatatcggctcggcta 

Reverse 

ABE3-F 

gggaagcacgtgagcagaat 

Forward 

ABE3-R 

ggttgagccttttgagcggg 

Reverse 

NFkB-F 

cctgacgagatcgctctctttc 

Forward 

NFkB-R 

aGAGAGccaattatgagtcactcgaaaca 

Reverse 

AP1-F 

ctcgaaacagggtttttcttgg 

Forward 

AP1-R 

GCagAT  Gtaattgggggattcctgacg 

Reverse 

p38a-F 

tggaaaagatgttgag 

Forward 

p38a-R 

tatcctcgaagctgtgatcg 

Reverse 

p38c-l 

gcggtgtcttcggcatgatg 

Reverse 

p38c-2F 

caccagcgcacaacatgatg 

Forward 

p38c-2R 

tcgcacctttgtcgtaacgg 

Reverse 

API -A 

ccctgtttcgagtsactcatattggggg 

Forward 

AP1-B 

tacccccaatatgagtcactcgaaacag 

Reverse 

AP1M-A 

ccctgtttcgagGCacATGtattggggg 

Forward 

AP1M-B 

tacccccaataC  AT  gtGCctcgaaacag 

Reverse 

DDC-NotIF 

gcggccg  eg  eggeeg  cgagccaaggccaagaagtt 

Forward 

DDC-NotlR 

gcggccgcgcggccgccacccaactgggatccttc 

Reverse 

DDC-AMF 

tctagatctagagagccaaggccaagaag^t 

Forward 

DDC-AMR 

tctagatctagacacccaactgggaiccttc 

Reverse 

HN-1 

cctctcggaatccacagttg 

Reverse 

HN-2F 

gttcgccatcggttttattg 

Forward 

HN-2R 

tgccccaggtctcgatctcc 

Reverse 

APH-US-F 

gaaccacagggcagagatcc 

Forward 

APH-US-R 

cggggcgttacgaagtctac 

Reverse 

APH-F1 

cccaactcacggcctgtagc 

Forward 

APH-R1 

cgtgtgtctcctcggtcatgg 

Reverse 

APH-DS-F 

ccatgaccgaggagacacacg 

Forward 
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APH-DS-R 

aaacggtaacgaatcaaatgca 

Reverse 

APH-F2 

tccaactcacggcctgtagc 

Forward 

APH-R2 

cgacctggcacactctcact 

Reverse 

Table  A2.2:  PCR  primers  and  oligonucleotide  probes  that  were  used  in  this  thesis.  The 
mutated  bases  in  the  respective  AP-1  and  NFkB  binding  sites  are  shown  in  capital  letters. 
The  AP-1  binding  site  in  the  probe  used  in  the  mobility  shift  experiment  is  shown  in  bold 
and  underlined.  The  Notl  sites  and  the  Xbal  sites  in  the  DDC-Notl  and  DD C-Xbal 
primers  pairs,  respectively,  are  shown  in  italics. 


156 


References 

1.  Dewey,  E.M.,  McNabb,  S.L.,  Ewer,  J.,  Kuo,  G.R.,  et  al.  (2004).  Identification  of  the 
gene  encoding  bursicon,  an  insect  neuropeptide  responsible  for  cuticle 
sclerotization  and  wing  spreading.  Curr  Biol.  14:  1208-1213. 

2.  Baker,  J.D.  and  Truman,  J.W.  (2002).  Mutations  in  the  Drosophila  glycoprotein 
hormone  receptor,  rickets ,  eliminate  neuropeptide-induced  tanning  and  selectively 
block  a  stereotyped  behavioral  program.  J  Exp  Biol.  205:  2555-2565. 

3.  Kimura,  K.  and  Truman,  J.W.  (1990).  Postmetamorphic  cell  death  in  the  nervous 
and  muscular  systems  of  Drosophila  melanogaster.  J  Neurosci.  10:  403-411. 

4.  Abramoff,  M.D.,  Magelhaes,  P.J.  and  Ram,  S.J.  (2004).  Image  Processing  with 
Image  J.  Biophotonics  International.  1 1 :  36-42. 

5.  Davis,  M.M.,  Yang,  P.,  Chen,  L.,  O’Keefe,  S.L.,  et  al.  (2007).  The  orphan  nuclear 
receptor  DHR38  influences  transcription  of  the  Dopa  decarboxylase  gene  in 
epidermal  and  neural  tissues  of  Drosophila  melanogaster.  Genome.  In  press 

6.  Barolo,  S.,  Carver,  L.A.  and  Posakony,  J.W.  (2000).  GFP  and  beta-galactosidase 
transformation  vectors  for  promoter/enhancer  analysis  in  Drosophila. 
BioTechniques.  29:  726-732. 

7.  Giordano,  E.,  Rendina,  R.,  Peluso,  I.  and  Furia,  M.  (2002).  RNAi  triggered  by 
symmetrically  transcribed  transgenes  in  Drosophila  melanogaster.  Genetics.  160: 
637-648. 

8.  Lee,  Y.S.  and  Carthew,  R.W.  (2003).  Making  a  better  RNAi  vector  for  Drosophila: 
Use  of  intron  spacers.  Methods.  30:  322-329. 

9.  Miller,  S.A.,  Dykes,  D.D.  and  Polesky,  H.F.  (1988).  A  simple  salting  out  procedure 
for  extracting  DNA  from  human  nucleated  cells.  Nucleic  Acids  Res.  16:  1215. 

10.  Wright,  T.R.,  Steward,  R.,  Bentley,  K.W.  and  Adler,  P.N.  (1981).  The  Genetics  of 
Dopa  decarboxylase  in  Drosophila  melanogaster  III.  Effect  of  a  temperature 
sensitive  Dopa  decarboxylase  Deficient  mutation  of  female  fertility.  Dev  Genet.  2: 
223-235. 


. 


\ 


